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The growth of Hg Te-CdTe superlattices has shown the importance of the interdiffusion of con-

stituent atoms across the interfaces of heterostructures. We study the effect of these processes on

the electronic properties of these superlattices in the semiconducting regime using a multiband

envelope-function approach. The influence of the strain resulting from the lattice mismatch for
HgTe-CdTe superlattice growth on CdTe substrates is found to weakly modify the light-hole sub-

bands while heavy-hole levels are lowered. The conduction and the light-hole subbands are found

to have large amplitudes at the HgTe-CdTe interfaces. The evolution of the band gap as a function

of the time during which interdiffusion occurs has been studied. This process widens the band gap,
and its occurrence can explain the discrepancy between the measured values and those predicted by
the theory, which are larger. The conduction subbands are pushed up in energy, while the hole sub-

bands are lowered, and, for samples annealed for a long time, their energies reach limit values that
correspond to the energy bands of the alloy folded into the superlattice period. The interfacial
feature of conduction and light-hole states is very sensitive to the abrupt variation of the band edges
near the interfaces. It is found that the interdiffusion process, which creates transition layers be-

tween the two semiconductor layers, leads to a disappearance of the localization near the interfaces.
Our results indicate that there is already appreciable modification of the electronic properties for
temperatures in the range of the superlattice growth temperature.

I. INTRODUCTION

Hg-Cd-Te alloys have been used for a long time as an
active material for infrared devices and other electro-
optical applications because their band gap is small and
can be adjusted by changing composition. Recently,
semiconductor quantum wells and superlattices com-
posed of alternating HgTe and CdTe layers have been
proposed as a novel and attractive manner to tailor ma-
terial properties for given applications because of the
ability to vary the superlattice band gap by modifications
of parameters such as layer thicknesses. ' However, the
fabrication of good-quality heterostructures with abrupt
interfaces is especially needed in the more advanced de-
vices. The growth of good crystalline-quality HgTe-
CdTe superlattices using molecular-beam epitaxy has
been achieved by several laboratories and has shown that
a diSculty in obtaining these structures is due to the
interdiffusion of constituent Hg, Cd, and Te atoms across
the interfaces. Such interdiffusion influences the com-
position profile of the superlattice, which occurs during
the growth and depends on the fabrication temperature
and time. Moreover, the first generated layers are more
modified than the last ones, and as a result, a spatial dis-
tribution of the layer thickness occurs. As the electron-
ic and optical properties are strongly dependent on the
well and barrier thicknesses, the interdiffusion processes
are expected to lead to appreciable effects on electron and
hole subbands and perhaps to change the level order.
These effects will be particularly important concerning
the properties which are related to abrupt variation of

the band edges at the interfaces. HgTe-CdTe superlat-
tices have been predicted to have conduction- and light-
hole-band wave functions with large amplitude at the in-
terfaces, at least for k=0. This is due to the continui-
ty of the probability current at the interfaces, which
means a change in the sign of the slope of the wave func-
tion because of the sign reversal of the bulk effective mass
which results from the inverted position of these two
bands in HgTe and CdTe. The wave function of these
states localized near the interfaces are characterized by
cusps, and their presence is related to the abrupt varia-
tion of the square-well potential in the region near the in-
terface. The level features will be noticeably dependent
on the interface quality.

Up to now, to our knowledge, there has been only one
attempt to clarify the interdiffusion effect on the band
gap of HgTe-CdTe superlattices. Within the framework
of a two-band tight-binding model, the evolution of the
band gap with respect to the width of the diffused region
has been calculated and shrinkage of the HgTe layers by
interdiffusion has been inferred to explain why the mea-
sured band gaps are larger than those predicted by
theory. ' This analysis of results is based on a discon-
tinuity of 40 meV between the valence-band maxima of
Hg Te and CdTe, which were deduced from the magneto-
optical experiments" in agreement with the anion corn-
mon rule. This estimation of the offset value has been re-
cently reviewed, and a larger value, 350 meV, seem to ex-
plain better the different experimental data. ' ' A
better knowledge of the effect of interdiffusion on the
electronic properties of superlattices would be helpful in
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order to predict their optical properties and know impli-
cations of interdiffusion on the optical devices. The pur-
pose of this paper is to report the results of a detailed
study on the electronic band structures of Hg Te-CdTe su-
perlattices and to obtain their evolution when
interdiffusion is taken into account. In Sec. II, we de-
scribe the model used to describe the evolution of the
composition profile during the growth of the heterostruc-
ture, and we briefly show how the envelope-function ap-
proach is used to obtain the energy bands when the com-
position profile varies. In Sec. III, results of calculations
are given for several values of anneal time, and the effects
of interdiffusion on the electronic states of superlattice
are discussed.

II. METHOD AND MODEL

To determine the effects of interdiffusion on the com-
position profile, we use Fick's second diffusion law:
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In this case, the coefficients C(K„,O) for n%0 are given
by
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and C(0,0)=L, /L. From Eq. (2), one can see that
C(K, t) only depends on the product Dt. It varies also
with the temperature and D changes significantly with T.
Each Fourier coefficient C(K, t) decreases exponentially
with respect to time with a damping which increases as
n, and the composition profile of the HgTe-CdTe super-
lattice is altered appreciably at the growth temperature,
the main contribution arising from first Fourier com-
ponent. The interdiffusion effect transforms a superlat-
tice formed by alternate layers of two pure superconduc-
tors well characterized, in a material with composition
varying with the superlattice period between two ex-
tremes corresponding to two mixed semiconductors, the
composition of which depends on the temperature and
growth time. After a long time, the heterostructure be-

where C(z, t) is the concentration in the growth direction
[001]. For simplicity, the interdiff'usion coefficient D is
taken to be independent of the concentration. The solu-
tion of Eq. (1) can be obtained easily from the Fourier
coefficients of the composition profile C(K, t), which are
given by

C(K, t)=C(K, O)e (2)

For periodic structures like superlattices, only discrete
values K„=2m n /L are allowed, where L is the period of
the modulation. We assume that at t=O, there is no
diffusion and that the heterostructure is the periodic re-
petition of a HgTe layer with a width L, associated with

a CdTe layer with a width L2 =L —L
&

so that

comes almost homogenized. From the composition
profile, we can obtain the potential profile, assuming that
the conduction- and valence-band edges depend linearly
on the concentration of constituent atoms; physical pa-
rameters are also position dependent and can be obtained
for each position by assuming that they are linearly
dependent on the mercury concentration that we choose
as a variable. For instance, the valence-band edge at the
z position, where the concentration of mercury is x, is
given by

E, ( z) =xE„(HgTe)+(1—x)E,(CdTe), (4)

as it results from a linear interpolation between the values
of pure materials. All the parameters which describe the
properties of heterostructures with interdiffusion are also
position dependent, and their variation must be taken
into account.

The value of the valence-band offset in Hg Te-CdTe su-
perlattices has been the subject of controversy" ' and
has provoked numerous band-structure studies in order
to better understand the electronic properties of this ma-
terial. Several methods can be used for such calculations.
The tight-binding approximation' ' is based on a com-
plete description of the bulk electronic states, including
the states of the whole of the Brillouin zone. This ap-
proach is necessary, for instance, when states far away
from the zone center must be considered at the same time
as those near the zone center as, for instance, in the case
of an indirect band gap. Band-structure calculations
have been also performed by a pseudopotential approach
which includes extended states in k space. A third
method which has been widely used in the calculation of
the heterostructure electronic states is the envelope-
function approximation, which is derived from k p
method, and to assume that the band structure of bulk
material is well described by the Hamiltonian at the
center of the Brillouin zone. ' This method is the
easier to implement, and a number of procedures have
been proposed to carry out calculations, results obtained
by the fact that the different ways are relatively indepen-
dent of the calculation method. As we are only interested
in the superlattice states near the zone center, we have
chosen the envelope-function approach, and we shall con-
centrate our study on the states lying near the superlat-
tice band gap in a limited energy range. We assume that
the electronic band structure of the two bulk materials
which constitute the superlattice are well described by
the Kane six-band model which includes the states with
I 6 and I

&
symmetries. The I 7 states at the maximum of

the split-off lie 1 eV below these states are not included in
our basis. The interesting feature of the HgTe-CdTe het-
erostructure is due to the fact that HgTe is a zero-gap
semiconductor. The I ~ degenerate state is both the con-
duction band and the heavy-hole band, while the I 6 state
which lies below the I ~ state corresponds to the light-
hole band. For CdTe, the level ordering is that usually
found near the band gap for most semiconductors. The
maximum of the valence band is a I ~-symmetry state,
and the minimum of the conduction band is a I 6-

symmetry state. The main consequence of this
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configuration is the existence of bound states at the inter-
faces due to the abrupt change in the sign of the effective
mass of the I 8 light-hole carriers, which produces a
change in the sign of the slope of the wave function be-
cause of the continuity of the probability current. The
same situation exists for I 6-symmetry states. We study a
superlattice grown along the [001] direction. The
e6'ective-mass Hamiltonian describing the I 6 and I 8

bands is a 6 X 6 matrix operator, quadratic in k, given in
atomic units by

E, 0 i&3H+ &2H, iH 0

F., 0 iH+ &2H, i &3H

Ehh

Elh

E)h

Eh)

where the terms relative to the valence band are

E, =E~ + —,'yok

~hhlh Er p(yl —Y2)kl (yi+2y2)k

A =i &3y2k k, ,

—v'3C= [y2(k, k) 2—iy3k„—k ] .

the different spin states at k=0. For a superlattice,
%(k, r) must satisfy the Bloch theorem in the three direc-
tions and takes the form

In comparison with the bulk, k and k remain good
quantum numbers in the direction parallel to the inter-
faces, while k, is now associated to the superlattice
period L and f (z) is a periodic function with the super-
lattice period. To obtain the envelope function and sub-
band structure, the Schrodinger equation associated with
the above Hamiltonian can be resolved in a variational
scheme using a Fourier expansion as

2i wmz/L

As the lattice constant of HgTe is smaller than that of
CdTe, internal strains are present, and a strain energy
must be added to the Luttinger Hamiltonian. For super-
lattices grown on the CdTe substrate, the strain resulting
from the mismatch is accommodated entirely in the
HgTe layers which are stretched in x and y directions.
This biaxial tensile stress is equivalent to both a hydro-
static dilatation, which reduces the band gap, and a uni-
axial compression normal to the interfaces, which raises
the light-hole bands compared to the heavy-hole bands.
A reversal of the order in energy can result for the super-
lattice in the case where two bands are near each other.

The coupling between the conduction and valence states
is described by

&3H =Pk (a =x,y, z),

H+ (H +i' )
1

2

where the interband momentum matrix element P is

i (s~p. ~a—) .

In this equation, the Luttinger parameters yo, y, , yz, and

y3, the interband momentum matrix element P, and the
values of the conduction- and valence-band edges at k =0
are position dependent, and the matrix elements have
been symmetrized to ensure the Hamiltonian hermiticity.
Their variation in function of the position is assumed to
be given by similar relations to Eq. (3). All the rigenval-
ues of this Hamiltonian are twofold degenerate because of
the neglect of terms linear in k vectors which are present
for materials crystallizing in the zinc-blende structure.
Moreover, the directional dependence of subband disper-
sion in the k -k plane is assumed weak, and we adopt
the axial approximation in replacing y2 and y3 by their
average. In the envelope-function approximation, the
electronic wave function V(k, r) can be written in the
form

4(k, r)= QF, (k, r)u, (r),
J

where F~ (k, r) is a six-component envelope function and
the u, (r) are the periodic part of the Bloch functions for

III. RESULTS AND DISCUSSION

We have calculated the electronic structures along the
two directions, [100] and [001], for an 8.2-nm-period
HgTe-CdTe superlattice made up of two layers with
equal thickness. These values have been chosen because
experimental study on such a sample has been reported
recently. The value of the parameters necessary for cal-
culations as Luttinger parameters and elastic con-
stants are reproduced in Table I. For the valence-band
offset, we have adopted 350 meV, which is consistent
with whole experimental data. ' The first 13 terms are
included in the Fourier expansion of the envelope func-
tion [Eq. (8)], which is really enough to obtain the energy
bands with satisfactory precision. Figures 1(a) and 1(b)
show the four subbands which are in the vicinity of the
band gap for a Hg Te-CdTe superlattice made up of two
layers with equal thickness 4.1 nm. The subbands are
calculated for the strained and unstrained cases. For
these thicknesses, the Hg Te-CdTe superlattice is a semi-
conductor with a direct band gap, and the highest band
shown is the first conduction band. Because the heavy
holes are not interacting with other subbands in the k,
direction, the H, and H2 subbands present a weak disper-
sion, while interactions give a strong repulsion between
subbands along the k„direction. In particular, H2 has an
electronlike effective mass, and an anticrossing behavior
arises from the repulsion between hole levels. The pres-
ence of a lattice mismatch of 0.3% entails a stress of 13
kbar on the HgTe layer. In bulk crystal, for the same
stress, the hydrostatic dilatation reduces the band gap by
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TABLE I. Luttinger parameters and elastic constants for HgTe and CdTe.

Luttinger parameters (a.u. )

Momentum matrix element (eV)

Compliance constants (10 bar ')

Deformation potentials (eV)

Lattice constant (nm)

To

71
32 33

S(2

Qp

1.0
4.367
1.034

0.40
—0.16

3.8
—1.5

0.6462

1.0
1.54
0.015

18

3.58
—1.39

—2.74
—0.95

0.6482
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8 meV, while the uniaxial compression along [001] split
the degeneracy between the heavy and light holes by 11
meV. As a result, the energy of the light hole is weakly
increased by 3 meV; that of the heavy hole decreases by a

more important amount of 19 meV, giving 22 meV for
the splitting between the two kinds of holes. For the
sample considered here, the superlattice band gap, which
is the separation between E, and H, , is increased by the
strain and its value which is 100 meV, neglecting the
strain, becomes equal to 121 meV when strain effects are
included. The energy variation is nearly the same as in
the bulk semiconductor and is in agreement with results
of Ref. 16. The order between H2 and L, levels at the
zone center is reversed by the strain, the heavy-hole band
being pushed down in energy. Away from the zone
center, strain effects are nearly the same as at I and the
strain effect on the subband dispersion is an overall
lowering of the heavy-hole subbands, the light-hole states
being little affected. The main feature in the subband
dispersion is the crossing of the L, and H2 states, which
appears in the k, direction, while in the direction k„ the
bands cannot cross and repel. As quoted above, the
states labeled E, and L, are expected to have large am-

plitude at the interfaces, at least near the zone center, be-
cause of the opposite sign of the effective mass of the elec-
tron and light hole in the two bulk materials. In Fig.
2(a), we give the envelope functions for the E~, H„ I.„
and H2 levels at I for the unstrained case. As expected,
all these states are mainly confined to the HgTe layer
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FIG. 1. Dispersion of the nearest subbands of the band gap
in a HgTe-CdTe superlattice with two equal layers with thick-
ness of 4. 1 nm. (a) Without strain. (b) With strain.

FIG. 2. Squared envelope functions for the I states near the
band gap for a (4. 1 nm)/(4. 1 nm) HgTe-CdTe superlattice
without interdiffusion. One unit supercell is shown, and the

Hg Te layer extends from —2.05 to 2.05 nm.
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with some penetration in the barrier for the excited
states. It can be seen that E& and L

&
states have a max-

imum amplitude at the interfaces between the two semi-
conductors, this feature being more accentuated for the
electron state E, than for the light-hole state L&. The
difference between the offset values for the two kinds of
states provides a simple explanation of this situation.
The absolute value of the bulk effective mass for E, and

L, are nearly the same, but the offset values for the two
kinds of states are very different, 1552 meV for conduc-
tion states and 350 meV for valence states. Thus the en-

velope function of the Ej state decreases more rapidly
than the L, one, giving a more abrupt feature, and the
light-hole envelope function has a larger penetration in
the barrier, which allows tunneling of light holes.

We now study the evolution of electronic properties
when the interdiffusion process is considered, the strain
effect being not included. Figure 3 shows the variation of
the states at the center of the Brillouin zone as a function
of the parameter s =Dt, which is proportional to the
interdiffusion time. For the diffusion coefficient, we have
used the phenomenological value D =4.2X10 ~ m s
which has been deduced from x-ray analysis of HgTe-
CdTe superlattices annealed at 185 'C by a linear
diffusion model. This value corresponds to an inter-
mediate value of the interdiffusion coefficient for the
HgTe and CdTe semiconductors. The interdiffusion pro-
cess increases the energy of electron states E, , while it
decreases the energy of the heavy and light holes H&, Hz,
and L, with a more pronounced effect for the H, and Hz
states. For samples annealed during a long time, the in-

400

terpenetration of the two semiconductors is large and the
energies reach limit values which correspond to the
conduction- and valence-band edges in the Hgo 5Cdo &Te

alloy. These can be obtained as the means of the band
edges of semiconductors. However, our calculations are
carried out at the center of the Brillouin zone of the su-
perlattice, and this value for the wave vector corresponds
to the whole of the states in the Brillouin zone of the al-
loy with a wave vector multiple of 2~/L. Limit values
for valence-band energies begin to appear for
s =1500X10 m; they correspond to the states k, =0,
2nlL, a. nd 4m. lL of the Brillouin zone of the primitive
lattice. The limit energy of H, and L& states is that of
the valence-band edge of the alloy, while the Hz and H3
states have, respectively, the same energy as the heavy-
hole bands for k =2nlL an. d 4mlL in the b, direction.
The band gap of the superlattice is increased by the
interdiffusion as shown in Fig. 4 and is always larger than
the band gap obtained without interdiffusion for abrupt
band-edge profiles. This variation is nearly linear for
interdiffusion time lower than about 2 h corresponding to
s =200X10 m and the curve shows that for a super-
lattice kept for about 20 min at 185'C (s =50X10
m ), the band gap is increased by 50%%uo, going from 102 to
143 meV. Such values for time and temperature corre-
spond to about 0.7 nm of interdiffusion for atoms. This
effect is very important for such a short time, and the
interdiffusion strongly influences the band-gap value for
the growth time generally used. This modification is
mainly dependent on the value of the diffusion coefficient,
which is difficult to know accurately because it depends
on both the temperature and composition and, therefore,
on the position in the material. In our calculation, the
changes of D with the composition are not taken into ac-
count and only a mean value is used. This does not allow
us to give prominence to the asymmetry of the well due
to the different penetration of each component in the oth-
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FIG. 3. Band-edge energies at I as a function of s, which is
the product of the interdiffusion time by the diffusion
coefficient, for a (4.1 nm)/(4. 1 nm) superlattice.

FIG. 4. Band gap Eg as a function of s for two values of the
valence-band offset A =40 and 350 meV.
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er, the Cd atoms penetrating more easily into the HgTe
wells from the Hg atoms into CdTe barriers. However,
the effects associated with the lack of the symmetry in-
version are weak, and the electronic properties are more
sensitive to other growth parameters like, in particular,
the growth temperature. The interdiffusion coefficient
varies about 2 or 3 orders of magnitude per 100 C. For a
growth temperature of 162 'C, the interdiffusion
coefficient is D = 1.23 X 10 m, and for an
interdiffusion time of 20 min, the band gap is 116 rneV, to
be compared to 143 meV obtained for 185'C. The
influence of the growth temperature is important and
shows the relevance of reducing the processing tempera-
ture to obtain samples with a band gap which is not too
dependent on the interdiffusion phenomena. The
broadening of the band gap originating from the diffusion
supplies an explanation to the fact that the measured
band gap of superlattices appears to be larger than those
predicted by the theory. ' The value of the valence-band
offset in the HgTe-CdTe superlattice has been the subject
of many discussions, and some values differing from
A=350 meV have been proposed. We have studied the
effect of the interdiffusion on the superlattice band gap if
another value A=40 meV is used. The variation of the
band gap can be compared in Fig. 4 with the curve ob-
tained for A=350 meV, all the other parameters being
the same. Also, in this case, the variation is linear up to
s =300X10 m, and the difference between the band

gap calculated for the two offset values decreases with the
interdiffusion time. However, the variation of superlat-
tice states is different. For A=40 meV, the potential well
seen by holes is small, and the confinement energies of the
holes are weak and depend little on the potential profile.
On the other hand, the conduction-band offset is large,
and the evolution of the band gap is mainly due to the
variation of the electron states which are strongly
confined in HgTe layers and therefore more sensitive to
the variation of the potential originating from the
diffusion and to the presence of transition layers near the
interfaces.

The localization of electron and light-hole states at the
interfaces is due to the abrupt change in the sign of the
effective mass across the interfaces. The interdiffusion
modifies interfaces significantly, and we have studied the
evolution of these states as a function of the interdiffusion
time. Figure 5 shows the envelope function for the ener-

gy bands nearest the band gap for (4. 1 nm)/(4. 1 nm) sam-
ples annealed during progressive time. The envelope
function of the heavy-hole state H

&
is only slightly

modified for short periods of time. For a long annealing
period, the offset value become weaker, the holes are
more delocalized, and they penetrate more deeply into
the barrier, while the maximum amplitude of the en-
velope function decreases. For a very long time, this
function is constant because homogenization of the rna-
terial is complete, giving the Hgo &Cdo 5Te alloy. The be-
havior of Hz states is different. As for H& states, the
lowering of the barrier potential increases their delocali-
zation into the barrier. However, the Hz envelope func-
tion is not constant for large interdiffusion time. In the
completely homogenized material, the period of the su-

perlattice L produces a folding of the energy bands, and
the Hz states originate from the heavy-hole band in the
bulk alloy along the [001] direction for the value
k, =2~/L. The period of the wave function for this bulk
state is L, and that of its square is L/2. This can be ob-
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served in Fig. 5(d}, which shows that the H2 envelope
function is odd and is a sinusoid with a period equal to
half of the superlattice period. We have found that the
E, and L& states are localized near the interfaces for
s =0; this particular feature disappears when the atoms
diffuse into the superlattice. The peaks at the interfaces
have almost vanished for s =10 ' m, which corre-
sponds to annealing during a period of 40 min at 185'C.
With increasing interdiffusion time, E, and L, states be-
come more extended into the barrier, this effect being
larger for the L, state because the well potential is weak-
er than for the E, state. The sharp character of these
states is strongly related to the presence of a transition
zone between the two semiconductor layers, in which in-
version of the slope of the envelope function occurs when
going from HgTe to CdTe. As this zone widens when the
interdiffusion time increases, the slope variation can be
accommodated more gradually on a larger range, and the
cusps on envelope functions soften and then disappear.

Until now, we have only considered heterostructures
with barriers formed of pure CdTe before the
interdiffusion process takes place. Since molecular-beam
epitaxial growth produces barriers with a concentration
of 15 at. % Hg, we investigate how the presence of some
Hg in nominally CdTe barriers modifies our results. Ini-
tially, before the interdiffusion, the interfaces are abrupt,
and we can suppose that the band offsets vary linearly
with the Hg concentration. This entails a lowering of the
valence- and conduction-band offsets of 15%%uo, and the
confinement effect by the Hg Te wells could be less impor-
tant. In fact, this effect can be neglected for the heavy
holes because of their large effective mass, and it is not
significant, a few meV, for the light holes. The conduc-
tion state is more sensitive to the offset variation, and the
lower state has the same relative variation as the offset
has. With an increase in the Hg content in the barrier,
the superlattice band gap decreases until the conduction
and H, bands just touch for about x=0.6. Then the su-
perlat tice becomes semimetallic. When interdiffusion
takes place, the evolution of the band gap with time has
the same behavior as for pure CdTe barriers with a
slightly less abrupt variation. Such a feature can be

readily understood by referring to the situation for large
interdiffusion time. Then the superlattice is equivalent to
a homogeneous alloy of two semiconductors. If some Hg
is present in the barrier before the interdiffusion, the Hg
concentration in the final alloy is larger than for pure
CdTe barriers and the limit gap value weaker.

IV. CONCLUSIONS

A variational multiband envelope-function method has
been used to calculate the energy subband dispersion of
Hg Te-CdTe superlattices in order to investigate the
effects of interdiffusion of constituent atoms across the in-
terfaces of the heterostructure. The band structure of the
semiconducting superlattice studied here is found not to
be significantly infiuenced by the strain due to the lattice
mismatch between HgTe-CdTe lattice constant, except
for the band gap which widens without the energy bands
being much distorted. The interdiffusion process is found
to strongly affect the electronic properties of the superlat-
tice. It increases the energy of the conduction state and
lowers the heavy- and light-hole states, leading to a
widening of the band gap during the time in which the
interdiffusion takes place. This effect depends
significantly on the temperature, and our calculations in-
dicate appreciable broadening of the band gap for tem-
peratures near the growth temperature used in
molecular-beam epitaxy. This effect can explain the
discrepancy that the measured gaps are larger than those
predicted by the theory. The strong interfacial behavior
of the conduction and light-hole states is smoothed by the
occurrence of transition layers near the interfaces and
completely disappears for larger interdiffusion time.
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