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The pressure dependence of the low-temperature photoluminescence of CdTe/ZnTe strained-
layer superlattices is reported, up to the phase transition of the structure at about 6 GPa. The su-
perlattices can be simultaneously type I for heavy holes and type II for light holes. A theoretical fit
to the pressure dependence of the type-I and type-II luminescence lines confirms a number of bulk
and superlattice parameters. In particular, the results are consistent with a treatment of the band
structure in the framework of the envelope-function approach. The ground valence-band state is
found to be the first light-hole valence subband. The valence-band offset has been fitted to be pres-
sure dependent; we found 75+4.5P meV. Under pressure, a type-I-type-II transition is observed,
due to a crossover in the valence band of the superlattice.

I. INTRODUCTION

II-VI compound superlattices and quantum wells,
while less studied than the well-known III-V compound
structures, are a rapidly growing field of semiconductor
research.! > They offer the possibility of a direct band
gap, anywhere from metal to the blue region of the spec-
trum. In the CdTe/ZnTe case, furthermore, the non-
lattice-matched layers can give strain effects in the
valence band larger than those due to quantum
confinement, so that a given superlattice can be simul-
taneously type I for heavy-hole excitons and type II for
light-hole excitons (type-I H and type-II L hereafter). To
predict the electronic structure of these new artificial ma-
terials, it is necessary to know the revelant bulk
parameters—the hydrostatic and wuniaxial pressure
coefficients and the elastic constants—and heterojunc-
tion parameters such as the division of the band-gap
offset between conduction and valence bands, as well as
structural parameters such as the strains in the layers. A
fit to the hydrostatic pressure dependence of the electron-
ic levels can provide an excellent test of both the theory
and of the parameter values.

In this paper, we report a study by photoluminescence
(PL) at 2 K under high hydrostatic pressure in a
diamond-anvil cell (DAC) of two CdTe/ZnTe strained-
layer superlattices (SL’s). One of the samples was grown
with the CdTe layers thinner than the ZnTe, while in the
other the CdTe layers were thicker than the ZnTe. Both
type-I and type-II transitions give rise to photolumines-
cence; the pressure dependence of the emission energies
are different for the type-I H and the type-II L transi-
tions. This allows an unambiguous identification of the
nature of the confined hole state involved in each emis-
sion band and gives valuable information on the band
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offset. From the pressure dependence of the lumines-
cence peaks, the ground valence-band state is identified to
be the first light-hole valence subband, in contrast with a
previous idea we earlier developed in Ref. 4, using ap-
proximate bulk parameter values. A theoretical fit to the
data is consistent with the most recent bulk parameter
values; in particular, with the 65+2 meV/GPa pressure
coefficient of the direct band gap in CdTe measured by us
recently.® We report the first observation of a type-I
—type-II transition due to the crossover in the valence
band of a superlattice.

II. EXPERIMENTAL METHODS

Details of the sample design and growth have been re-
ported elsewhere;? we studied samples 1 and 2 (206-40
and 120-17, respectively, of that paper). Both these sam-
ples were carefully grown on a GaAs substrate in such a
way that, after x-ray diffraction investigations, they may
be thought to be “free-standing” SLS’s (Ref. 7) with fully
relaxed buffer layers, and to have the entire lattice
mismatch (6.4%) between CdTe and ZnTe taken up by a
compressive biaxial strain in CdTe layers and a balancing
tensile biaxial strain in the ZnTe layers.

The samples were thinned to ~30 um by mechanically
polishing the substrate and then cleaved to ~80 um
square for loading in the miniature cryogenic diamond-
anvil cell.® Note that, after sample preparation, the II-VI
epilayer is still about 1 order of magnitude thinner than
the remaining thickness of the GaAs substrate; also the
PL was not affected by the sample preparation. Argon
was used as the pressure-transmitting medium and ruby
as the pressure gauge. The DAC was inserted in a helium
bath cryostat for the PL measurements at 2 K. All pres-
sure changes were made at low temperature.
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III. EXPERIMENTAL RESULTS

Sample 1 is a superlattice made of 200 periods of 8
CdTe and 11 ZnTe monolayers; it shows two emission
bands (Fig. 1) which are identified in Sec. IV of this paper
as a type-I H e(1)-HH(1) transition in the CdTe layers
and a type-II L spatially indirect e(1)-LH(1) transition
between the CdTe and ZnTe layers. The high-energy
type-I H transition is always very weak relative to the
type-II L one at lower energy (Fig. 1). Figure 2 shows the
type-I H emission band and its shift relative to the type-II
L band at lower energy. In Fig. 3, the peak positions of
the two bands are plotted against hydrostatic pressure for
various pressures. They display different pressure
coefficients of 54 meV/GPa for the type-II L transition
compared with 75 meV/GPa for the type-I H transition.
These values differ significantly from the bulk CdTe and
ZnTe direct-band-gap pressure coefficients of 65
meV/GPa (Ref. 6) and ~ 109 meV/GPa, respectively (see
Refs. 9 and 10 and the discussion in Sec. IV of this pa-
per).

As can be seen in Fig. 1, the photoluminescence inten-
sity of the main peak was observed with no significant
change in intensity up to 6.2 GPa. For pressures higher
than 3.5 GPa, we could no longer determine the energy
position of the type-I H transition. At 6.3 GPa, both
bands were quenched completely, presumably due to a
phase transition to a more compact structure.!!

In sample 2, the CdTe layers are 7 monolayers thick
and the ZnTe 6 monolayers. Although at ambient pres-
sure a type-I H transition could be observed, it was too
weak to detect in our DAC. However, the type-II L
direct transition could be easily followed as shown in Fig.
4 up to 4.86 GPa and its pressure dependence is found to
be 53.5 meV/GPa. At 5.6 GPa the luminescence intensi-
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FIG. 1. Shift of the luminescence peak e(1)-LH(1) of sample
1 [(CdTe)s/(ZnTe),,] as a function of pressure. The high-energy
peak e(1)-HH(1) is shown on the 0.27-GPa spectrum only.
Note the quenching of the photoluminescence at 6.25 GPa.
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FIG. 2. Shift of the e(1)-HH(1) high-energy transition rela-
tive to the position of e(1)-LH(1) for various pressures in the
case of sample 1 [(CdTe)y/(ZnTe),].

ty drastically collapsed, and the emission band became
much broader, with the appearance of a wide low-energy
wing. A further increase of pressure quenched the
luminescence completely and we conclude that the same
phase transition occurs as in sample 1, but at a slightly
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FIG. 3. Transition energy as a function of the pressure for
sample 1 [(CdTe)s/(ZnTe);;]. Open circles, e(1)-LH(1) transi-
tion; solid circles, e (1)-HH(1). Dashed lines correspond to the
theoretical calculation of Sec. IV.
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FIG. 4. Luminescence spectra from sample 2

[(CdTe),/(ZnTe)s] at various pressures. Note the drastic
influence of the phase transition in the 5.67-GPa spectrum. The
inset shows the pressure dependence of the luminescence peak
energy.

lower pressure (~5.7 GPa instead of ~6.3 GPa).
Reduction of the pressure to below the phase-transition
pressure does not restore the photoluminescence; this is
not surprising since passage through the phase transition
is likely to create sufficient defects—vacancies, disloca-
tions, etc.—to quench the photoluminescence complete-

ly.
IV. DATA ANALYSIS

The influence of hydrostatic pressure on quantum wells
. and superlattices is now quite well understood theoreti-
cally in the case of the most intensively studied III-V sys-
tems such as GaAs-(Ga,Al)As or Ga;_,In,As-InP. Ex-
perimentally, the pressure coefficients of the quantized
states are found to decrease with confinement energy,
both in quantum wells'> !5 and in superlattices.!®!” The
central result obtained from various theoretical ap-
proaches to this problem is the influence of the carrier
effective masses due to the I'§-I'¢ band gap widening un-
der pressure.'®!° However, other effects of hydrostatic
pressure have also to be taken into account, including the
influence of differences between the bulk material pres-
sure coefficients of the barriers and of the wells, to im-
prove the agreement between theory and experi-
ment.!>!%1° In GaAs-Ga,_,Al As superlatticess near
the I'-X crossing where symmetry considerations predict
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a coupling between zone-center and folded-zone-
boundary conduction subbands, this coupling has to be
included in the theory.zo However, the satellite conduc-
tion states in both CdTe and ZnTe are very high in ener-
gy relative to the I point in the conduction band and this
simplifies the problem since their contribution to the con-
duction wave function of our superlattices can be ignored
with an extremely good approximation. On the other
hand, a pressure dependence of the band offset ratio has
been recently proposed to interpret data collected from
Ga,In;_,As-InP quantum wells'® and GaAs/AlAs super-

lattices!” and we have allowed such a dependence in the
fits reported here.

However, in structures such as those we are concerned
with here, before proceeding to a calculation of the quan-
tized energy states, it is necessary to consider the hydro-
static and uniaxial strains in the various layers of the
samples; this is the subject of the following sections.

A. Influence of the lattice matching
and built-in strains in SLS’s

While bulk CdTe and ZnTe are not lattice matched, a
homomorphism occurs between CdTe and ZnTe layers
during the growth of the relaxed (free-standing) superlat-
tices.? The new in-plane lattice constant can be calculat-
ed as a function of the CdTe and ZnTe elastic constants
(S;j)o and lattice parameters a, and thicknesses ex-
pressed in number of monolayers n,:*

2 na/(S“ +S12)a

(ay=—— —
> nu[(S11+S12)e/a,]

Such in-plane lattice matching provokes a lowering of
layer symmetry from cubic to tetragonal when growth is
along the [001] direction. In each layer a strain tensor
can be defined:

(a)—a, 10 0
(e)a=——~a— 01 0 ,
‘ 0 0 —2cp/ei)g

where C;; are the compliance constants. From Hooke’s
law the magnitude of the built-in stress experienced by
each layer is
_(a)—a,
a a, (Cll C12 )a .

(a) is intermediate between acyr. and az,r.; in both
these compounds, C;; —C,, is a positive quantity, thus
the sign of the built-in stress experienced by each materi-
al is different. In our SLS’s, the CdTe layers experience a
biaxial compression while the ZnTe layers are biaxially
stretched. These built-in stresses modify the overlap of
atomic wave functions, resulting in a change of the elec-
tronic levels in the layers which we calculate using the
deformation potential approximation.?! In each com-
pound, the conduction levels are shifted at rates

aEca(Xa)=2ca(Sll +2S12 )cha >
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where ¢, is the conduction-band deformation potential.
The situation is somewhat more complicated for
valence-band states, where any lowering of cubic symme-
try splits the I'y manifold. For biaxial stress the valence-
band energies are shifted by the amount

OE, yun(X4)=2a,,(S1; t2515)X,+b,(S11 —S12)eX,

and
5EuLH(Xa)=20ua(Sn +281)X—b,(S11—S12)eX o
for |2,2) heavy-hole and |2, 1) light-hole valence bands,

respectively.

The influence of the built-in strains on the ordering of
the electronic levels has been sketched in Fig. 5 in the
special case of an initial zero value of the valence-band
offset. Clearly two different situations can be obtained in
that special case: a type-I superlattice for conduction-
band (CB) to |3,3 ) valence-band optical transitions and a
type-II superlattice for the conduction-band to [3,1
valence-band optical transitions. This situation can be
different depending on the valence-band offset in the ab-
sence of stress as sketched in Fig. 1 of Ref. 4. The pres-
sure dependence of the optical transition will enable us to
identity them as a heavy-hole or light-hole exciton and as
a type-I or type-II transition.

B. Distribution of the external strain in the samples

Our SLS’s are grown on a GaAs(001)-oriented sub-
strate. Since we are dealing with materials for which the

ZnTa CdTe ZnTae CdTe ZnTe
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o
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Conduction band

Heavy-hole
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InTa CdTe ZnTa CdTe ZnTe
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FIG. 5. Distribution of the conduction- and valence-band
confining potentials along the growth of the strained-layer su-
perlattice. Biaxial stress effects due to lattice mismatch between
bulk CdTe and ZnTe have been included. For clarity, the
valence-band offset has been taken to zero before taking into ac-
count the built-in stresses.
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bulk moduli are very different (75, 52, and 48 GPa for
GaAs, CdTe, and ZnTe, respectively), the effective hy-
drostatic pressure experienced by each layer will be
different and hydrostatic pressure will also give rise to
uniaxial strains. The GaAs substrate is about 1 order of
magnitude thicker than the SLS’s. As a consequence, un-
der pressure, the GaAs substrate dominates the deforma-
tion in the plane of the SLS’s unless misfit dislocations are
created at the heterointerfaces. The substrate effect on the
strain tensor in the SLS can be easily quantified, if we use
a simple model in which the GaAs substrate is infinitely
thick. In GaAs, the components of the strain tensor are
directly related to the external pressure; from elasticity
theory

€xx =eyy=ezz=(0“+2012)P ,

where o;; are the GaAs elastic constants and P is the
external pressure. Let us now consider a thin epilayer
with elastic constants Sij- Under pressure, its strain ten-
sor is no longer isotropic since the in-plane deformation
is the substrate one, while the e,, component is now

different:

exx = eyy

=(0'11+20'12)P=(S“ +S12)H+S12P
and
e, =2s,II+s,P,

where II is the effective in-plane stress. The stress tensor
can be decomposed into a pure hydrostatic component
and a pure uniaxial (001)-oriented component:

Im o o 100 10 0
0O II o|=(P)|01 O|]—(UY|O0O 1 O
0 0 P 0 01 00 —2

with (P)=(2[1+P)/3 and (U )=(P—11)/3.

Thus at, for example, 6 GPa external pressure, the
infinite GaAs substrate is under 6 GPa hydrostatic stress
with no uniaxial component, while the superlattice is un-
der effective hydrostatic and uniaxial stresses which do
not depend on the relative CdTe and ZnTe layer
thicknesses. The individual CdTe layers are under 5.52
GPa hydrostatic and 160 MPa (001) shear uniaxial stress
and the ZnTe under 5.88 GPa hydrostatic and 60 MPa
shear uniaxial stress. These stress-values in the II-VI lay-
ers are to be added directly to those built into a
CdTe/ZnTe free-standing superlattice. In analogy with
the quantities due to lattice-matching effects we just write

SE (P)=c (S| +25,),(2I1,+P),
SEypo(P)=a, (S +25,),(2I1,+P)
+b, (I, —P) S —S12)s»
SE o (P)=a, (S| +25,),(211,+P)
b (I, —P)S; =S, -
C. Electronic structure of the superlattices

To calculate the electronic structure of these SLS’s we
adopt the envelope-function approach developed by Bas-
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tard.?? Limiting the calculation at the Brillouin-zone
center we have to solve the Schrodinger equation:

V*V—i— V(iz)—E

m (2) Y(z)=0.

Let Af (P)=8f,(X,)+8f,(P) for any band f and ma-
terial a of interest. The potential V is z dependent and
for electrons is

E2, +AE(P)—AE,(P) in ZnTe layers
E},+AE,(P) in CdTe layers,

where the index 1 (2) refers to CdTe (ZnTe). We have
AE gy, (P)+AE,(P) for ZnTe layers
AE gy, (P) for CdTe layers

Vo (z)=

—Vuu(2)=

for heavy-hole particles and
AE;y,(P)+AE (P) for ZnTe layers
AE4,(P) for CdTe layers

- VLH(Z)=

when calculating light-hole states. Nonparabolicity has
been also included in the calculation, following Ref. 22.

AE,=E ,—E, is the valence-band offset in the ab-
sence of built-in strains and is a fitting parameter which
will be obtained from the pressure dependence of the op-
tical transitions. It may be pressure dependent.

To proceed to a numerical calculation we used the ma-
terial parameters obtained from the literature (Table I).
The electron effective mass, the band gap, and the Lut-

tinger parameters have been taken from the recent work .

of Neuman et al.,”> who measured both CdTe and ZnTe.
For the hydrostatic pressure dependence of CdTe we
used our recently measured experimental shift of 6512
meV/GPa.»?* The tetragonal shear deformation poten-
tial b of CdTe is more difficult to determine since there is
a large scatter in the literature. First, we discuss results
obtained from wuniaxial stress. A reassessment of
Thomas’s first result?® led us to an isotropic valence-band
splitting independent of the orientation of the stress and
equal to 87+3 meV/GPa.® From the data reported by
Wardzinski et al.?® we estimate a value of ~94.3
meV/GPa for [001]-oriented stress. Secondly, we consid-
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er additional experimental data obtained from  biaxial
stress results. CdTe can be biaxially stressed when grow-
ing thin epilayers on lattice-mismatched substrates. Two
experiments have been reported: CdTe grown on a GaAs
substrate?’” and CdTe grown on a CdgsZng o, Te sub-
strate.?® Olego et al.?’ report a shift of the CB-|3,3
transition at a rate of 5.78 meV/GPa toward low energy
and a valence-band splitting of 98 meV/GPa, while Mag-
nea et al.?® report a larger splitting of ~ 130 meV/GPa.
Careful examination of these papers reveals that in both
cases the authors measured the deformation of the CdTe
epilayers in the growth direction using x-ray diffraction,
and obtained the magnitude of the built-in strain, but
then they used different values for S|, in CdTe. These
two authors measured the corresponding valence-band
splittings at liquid-helium temperature. Using appropri-
ate values (2 K values) for the elastic constants of CdTe,
which can be calculated by extrapolation of the
temperature-dependent  experiment of Berlincourt
et al.,” all experiments become consistent with each oth-
er within the limit of the experimental uncertainty (a
reassessment of the data of Ref. 28 suggests ~ 100
meV/GPa). Consequently we retain an average value of
the valence-band splitting Ayy; of 95+5 meV/GPa and a
corresponding deformation potential b =—0.95+0.05
eV.

Under hydrostatic pressure the direct band gap of
ZnTe is significantly sublinear:

E (P):E (O)+(CZnTe_aU )(S11+2»S‘12)P

4 g ZnTe
=E,(0)+uP+vP*.
This has been obtained independently by Weinstein
et al’ (u=115+5 meV/GPa and v=-—5%0.3
meV/GPa?) and Strossner et al.'® (u=104+5 meV/GPa
and v=—2.8+0.5 meV/GPa?) from transmission mea-

surements at room temperature in the DAC. In this pa-
per we took the average of these two experiments:

(u)=109+5 meV /GPa ,

(v)=—3.9+1.1 meV/GPa’ .

The division between the conduction and valence
bands of the hydrostatic pressure coefficients has been

TABLE 1. Physical constants of the calculation.

CdTe ZnTe
a (A) 6.481 6.103
E,, (meV) 1606.3+0.2 2394.5+0.5
Sy (107! MPa)? 3.581 2.38
S, (107! MPa)? —1.394 —0.857
mrF 0.099+0.003 0.116+0.003
71 4.114+0.15 4.074+0.13
Vs 1.08+0.15 0.78+0.14
p=dE,, /dP (meV/GPa)* 65+2 109+5
v=1d’E,, /dP* (meV/GPa? 0 —3.9%1.1
Ago; (meV/GPa) 95+5 78
b (eV)? —0.95+0.5 -1.2

*These values are given their conventional signs.
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taken identical to the one obtained for CdTe from the
self-consistent tight-binding calculation of Ref. 24, which
gives results close to the prediction of the early approach
proposed by Camphausen et al.,*® but for ZnTe ¢ and a,
are now pressure dependent. Concerning the tetragonal
deformation potential b of ZnTe, three results have been
reported in the literature?®33? from which we take
b=—12eV.

With the stress values and their pressure dependences
obtained above, we may now proceed to a calculation of
the confined energy states of the superlattice structures.
The first fitting calculation should be the determination
of the valence-band offset. In fact, the calculation is sen-
sitive in such a way that depending on the sign of the
valence-band offset, the ground state of the SLS’s could
be either the type-I H transition or the type-II L one. It
is thus necessary first to identify the two transitions ob-
served; this may be done through their pressure
coefficients. Applying the pressure in our calculation, we
always found a smaller slope for the type-II L transition
than for the type-I H one, as well as for the situation
where the SLS’s lowest optical transition is type-I H or
-II L. This is a strong argument against the earlier
identification of the SLS’s lowest-energy transition as be-
ing type-I H,*3* and so we identify the lower transition as
type-II L.

We first consider sample 1 [(CdTe)y/(ZnTe),;], for
which we calculate a biaxial compression of ~—1.8 GPa
in the CdTe layers and a balancing tensile stress of ~1.3
GPa in the ZnTe layers. Using AE, =75 meV (the super-
lattice should be type II in the absence of the built-in
stress), the depth of the electron, heavy-hole, and light-
hole potential wells are 765, 12, and 260 meV, respective-
ly (we have a type-II situation for the electron-light-hole
transition) at atmospheric pressure and the correspond-
ing values of the optical transitions are e (1)-LH(1)=1788
meV and e (1)-HH(1)=1811 meV. The best fit of the ex-
periment was obtained by increasing the magnitude of
the valence-band offset by 4.5 meV/GPa. Then the
agreement between the theory and experiment is fairly
good, as is illustrated in Fig. 3 (dashed lines). The change
in valence-band offset parameter AE, is smaller but com-
parable to the value reported in the literature for
GaAs/AlAs,!® GaAs-(Ga,Al)As,* or Gal_},lnyAs-InP.15

Another important experimental report is the quench-
ing of the type-I H transition for pressures larger than 3.5
GPa; this is consistent with our calculation which pre-
dicts a change of configuration from Type I to type II for
the conduction-heavy-hole gap at a pressure of ~4 GPa.
Above this crossover, both optical transitions are type II;
this favors thermalization of the heavy holes into the
light-hole band. This explains the disappearance of the
heavy-hole transition for high pressures. Secondly, we
consider sample 2 [(CdTe),/(ZnTe)s], where the biaxial
stresses experienced by CdTe and ZnTe are now —1.50
and 1.76 GPa, respectively. Still using AE, =75 meV, we
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calculate e(1)-LH(1)=1814 meV and a pressure
coefficient of 54 meV/GPa, which agrees closely with the
experimental result, 53.5+0.5 meV/GPa.

In the foregoing calculations, we have assumed
throughout that, under pressure, the in-plane strain is
determined by the GaAs substrate. It is possible that in
fact the heavily dislocated buffer undergoes further defor-
mation under high pressure so as to leave the superlattice
still free-standing at high pressure. The in-plane lattice
constant would then be determined by the II-VI elastic
constants. We have calculated the electronic structure
for this case, and do not arrive at a plausible fit to the
data. In this model, because of the different values of the
elastic constants of CdTe and ZnTe, the built-in biaxial
strains decrease with pressure; as a result the heavy-
hole-light-hole splitting decreases with pressure, in
strong disagreement with the experimental data. This
provides strong evidence in favor of the first model in
which under pressure, the in-plane strain is determined
by the GaAs substrate.

V. CONCLUSION

We have measured the electronic properties of
CdTe/ZnTe strained-layer superlattices under hydrostat-
ic pressure up to the phase-transition pressure of these
structures. The optical transitions exhibit pressure
dependences which differ for type II and type I
configurations of the band structure. These dependences
are a signature of the symmetry of valence-band states
concerned in a given recombination process. The lowest
transition line has been identified as type II in real space
between electrons confined in the CdTe layers and light-
hole subbands, with the light hole confined in ZnTe lay-
ers. Explanation of these data requires us to revise the
previous identification of the lowest-energy luminescence
lines in terms of type-I H recombination we proposed in
Ref. 4, and is consistent with a small value of the
valence-band offset (75 meV) which agrees with the value
directly measured by x-ray photoemission spectroscopy
(XPS) (100 meV).* Excellent agreement is obtained be-
tween experiment and calculation; in particular, the
heavy-hole type-I-type-II crossover predicted at ~4
GPa agrees well with the quenching of the heavy-hole
emission line above 3.5 GPa.
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