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Abstract

The interdiffusion in single quantum well structures was studied for a variety of II-VI semiconductor materials
based on CdTe and ZnSe. In particular we have investigated CdTe /CdMnTe, CdTe /CdMgTe, Hg ,Cd, _,Te/Hg,
Cd,_,Te and ZnSe/CdZnSe structures in which an intermixing of column I elements can be induced as well as
ZnSe/ZnSSe allowing an interdiffusion within the column VI sublattice. The diffusion was induced by rapid thermal
annealing (RTA) for 1 min at different temperatures. The resulting blue shift of the characteristic emission spectrum
was analyzed using photoluminescence spectroscopy. We observed a significant difference of the diffusion behavior
between both groups of materials. While in all three CdTe based material systems an almost complete interdiffusion
within the column II sublattice could be obtained at a high optical quality of the structurcs, both ZnSe based
quantum wells show only remarkably small diffusion lengths. For all three CdTe based quantum wells we derived an
activation energy of the interdiffusion process from a simple Fickian diffusion model applied to our measurements.
We obtained a value of 2.8 eV for CdTe/CdMnTe and CdTe/CdMgTe and a value 2.1 eV for
Hg,Cd, ,Te/Hg Cd;  Te.

Due to the fundamental role of diffusion for
the production of semiconductor devices, the
study of diffusion in semiconductor crystals has
been of large interest in the last years. Self-diffu-
sion or impurity diffusion in III-V and II-VI
bulk materials was studied, e.g. by secondary ion
mass spectroscopy (SIMS), a technique that al-
lows a direct scanning of the diffusion profile [1].
In recent years, diffusion has also been investi-
gated in thin heterostructures which offer an
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interesting source of concentration gradients. The
interdiffusion of the materials in the well and
barrier layers results in a blue shift of the emis-
sion spectrum [2]. The technological interest on
this effect arises from the possibility to tune the
wavelength of an optical emitter by simply an-
nealing the device. On the other hand, it has
been shown in III-V quantum .wells that the
selective implantation of ions in a semiconductor
heterostructure offers the possibility to define a
lateral confinement [3.4]. Up to now the investi-
gation of diffusion in heterostructures has been
restricted mainly to III-V materials. Only few
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Fig. 1. PL spectra of the excitonic recombination of a 80 A
CdTe/Cd,, ;Mg »sTe quantum well before and after anneal-
ing for | min at temperatures between 450 and 540°C. The
energy of the barrier is indicated by an arrow.

results have been reported on interdiffusion in
II-VI heterostructures [5,6].

In this paper we report on a comparative in-
vestigation of diffusion in II-VI single quantum
wells from five different material systems grown
by molecular beam epitaxy (MBE) or metalor-
ganic vapor phase epitaxy (MOVPE). Three of
these, namely CdTe/CdMgTe, CdTe/CdMnTe
and Hg,Cd,_,Te/Hg Cd,_,Te, are based on
CdTe while the other two, ZnSe/CdZnSe and
ZnSe /ZnSSe, are based on ZnSe. In all three
CdTe-based material systems and in ZnSe/
CdZnSe, the interdiffusion takes place within the
column II sublattice, while in ZnSe/ZnSSe the
column VI elements are intermixing. We an-
nealed single quantum well structures grown of

Table 1

these materials and characterized the processed
samples by photoluminescence (PL) spectroscopy.
From the observed blue shifts we found a differ-
ent diffusion behavior for CdTe and ZnSe-based
materials. While CdTe-based materials show a
blue shift up to the barrier energy, in ZnSe-based
quantum wells no blue shift larger than a few
meV could be induced.

In Table 1 an overview of the investigated
samples is given. Listed for each material system
are the growth technique, the growth tempera-
ture, the substrate material and the quantum well
thickness. The interdiffusion was induced by rapid
thermal annealing (RTA) at different tempera-
tures with an annealing time chosen to be 1 min.
During the annealing process, the samples were
exposed to a continuous flux of N, to avoid
surface oxidation and covered with a silicon wafer
to reduce material evaporation. Due to the inter-
diffusion, the composition profile of the struc-
tures is altered in such a way that the bottom of
the conduction band (top of the valence band) is
shifted to higher (lower) energies resulting in a
blue shift of the excitonic recombination. We
used photoluminescence spectroscopy (PL) to
characterize the annealed samples. The CdTe
based structures were excited by the 514.5 nm
line of an Ar* laser, while the 363 nm line was
used to excite both ZnSe based systems. The
photoluminescence signal was dispersed by a 0.3
m monochromator and detected by a CCD cam-
era. For HgCdTe a cooled germanium detector
was used.

Fig. 1 displays some photoluminescence spec-
tra of the excitonic recombination of an 80 A
CdTe/CdMgTe quantum well annealed at differ-

Structural properties of the single quantum wells investigated in this work; listed are the technique of epitaxial growth, the growth
temperature, the substrate material and the quantum well thickness L,

Material Growth Growth Substrate L,

technique temperature (./0\)
O

CdTe/Cd Mgy 0Te MBE 230 CdZnTe 80

CdTe /CdgeMn 4, Te MBE 230 CdTe 40

Hg(53Cd g 47Te/Hgg20Cd 7 Te MBE 180 CdZnTe 40

Cdj,Zng¢Se /ZnSe MBE 300 GaAs 33

ZnSe /ZnS, (xSe( 3> MOVPE 480 GaAs 10
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ent temperatures. The leftmost spectrum was
taken from the as-grown structure. The other
spectra are those of the annealed samples and
exhibit the blue shift of the photoluminescence
signal. For an annealing time of 1 min increasing
the annealing temperatures from 450 to 540°C
leads to an increasing blue shift of the photolumi-
nescence spectra. For the highest annealing tem-
peratures of 540°C the photoluminescence signal
is blue-shifted almost to the energy of the barrier,
i.e. nearly through the entire spectral region pos-
sible, indicating an almost complete intermixing
of the well and barrier materials.

For quantum wells annealed at temperatures
higher than 460°C, the halfwidth of the photolu-
minescence spectra increases from about 10 to 15
meV for CdTe/CdMgTe. This is probably due to
a slightly inhomogeneous diffusion process lead-
ing to non-uniform shapes of the composition
profile throughout the samples. Nevertheless the
broadening of the photoluminescence signal is
relatively small and indicates a good optical qual-
ity of the processed structures. In conjunction
with the increase of the linewidth, the intensities
of the PL signals decrease for the strongly inter-
mixed quantum wells. We attribute this to the
creation of defects during the diffusion process.

In Fig. 2, the corresponding blue shifts of the
photoluminescence from the annealed structures
are plotted versus the annealing temperature for
all three CdTe-based materials. For CdTe/
CdMgTe we observed energy shifts up to 360
meV. This value is larger than any interdiffusion
induced energy gap change achieved in III-V
materials so far. The proper temperature regions
for 1 min annealing are roughly the same for
CdTe /CdMnTe and CdTe /CdMgTe and lies be-
tween 400 and 540°C, while annealing tempera-
tures between 280 and 330°C are sufficient to
induce interdiffusion in Hg,Cd,_,Te/ Hg,
Cd,_,Te quantum wells. For all three materials
the photoluminescence signal shifts close to the
energy of the barrier. Thus, within all three
CdTe-based materials, it is possible to intermix
the well and barrier material almost completely
without destroying the high quality of the epitaxy.

From the measured energy shifts we derived
diffusion coefficients for each annealing tempera-
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Fig. 2. Energy shifts of the PL signal of annealed
Hg 53Cdg47Te /Hgg29Cdy 71 Te, CdTe/Cdg7Mgg9Te and
CdTe/CdgeMng,,Te quantum well structures. The largest
energy shifts of each material corresponds to the energy of
the barrier in the as-grown samples.

ture. The profile of the interdiffused quantum
well was determined from the composition profile
depending on the diffusion length L. We solved
the one-dimensional Schrddinger equation nu-
merically [7] and obtained thereby a correlation
between the measured blue shift and the diffu-
sion length. Finally, the diffusion coefficient was
calculated from D =13 /7, where 7 is the an-
nealing time. The results are displayed in Fig. 3.
The diffusion coefficients D are plotted versus
the reciprocal temperature 1/k7. The approxi-
mately linear dependence of In D and 1/kT al-
lows one to model the temperature dependence
of the diffusion coefficient by an Arrhenius law,

D(T) =D, exp(—E,/kT),

where E, is the activation energy necessary for a
single diffusion process of a particle within the
crystal lattice. The activation energy can be de-
rived from the slope of the linearly fitted curves.
We obtained a value of 2.8 eV for both the
CdTe/CdMnTe and the CdTe/CdMgTe quan-
tum well and a value of 2.1 eV for Hg Cd, _,Te/
Hg,Cd,_,Te. In our calculations we neglected
for simplicity the concentration dependence of
the diffusion in HgCdTe, which is reported by
several authors [6,8]. In consequence our value of
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Fig. 3. Diffusion coefficients D versus the reciprocal tempera-
ture for CdTe /CdMnTe, CdTe /CdMgTe and Hg, _,Cd,Te/
Hg,; _,Cd,Te. The activation energies are estimated from the
slope of the curves.

the activation energy in this material lies a little
above those published in these works.

The investigation of the ZnSe-based material
systems reveals a significantly different diffusion
behavior. Ion Fig. 4, the PL spectrum of the as-
grown 33 A ZnSe /CdZnSe quantum well and of
the same structure anncaled at 600°C is dis-
played. The annealed sample exhibits an energy
shift of 20 meV in conjunction with a decrease of
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Fig. 4. PL spectra of the excitonic recombination of a 33 A
ZnSe /Cdg 50Zng g Se quantum well before and after anneal-
ing.

the PL intensity by more than one order of mag-
nitude. Annealing at higher temperatures leads
to no further energy shift but to a complete
vanishing of the characteristic photoluminescence
signal, although from the total confinement of the
quantum well blue shifts up to 200 meV should
be possible. The 10 A ZnSe /ZnSSe samples were
annealed at 580, 660 and 700°C, and reveal en-
ergy shifts smaller than 40 meV, which are lower
than the band discontinuity of this quantum well
structure of about 400 meV. A further increase of
the annealing temperature quenches the PL in-
tensity completely. For both material systems, a
variation of the annealing time did not improve
the quality of the annealed structures. This diffu-
sion behavior is in strong contrast to that of CdTe
based quantum wells, where a almost complete
intermixing is possible without quenching the lu-
minescence signal. The explanation of this effect
is not clear yet. Although an explanation is prob-
ably difficult due to a lack of information on the
crystal lattice, it is worth noting that CdTe, HgTe,
MnTe and MgTe have noticeable larger lattice
constants than the other materials (see Table 2),
which might have an influence on the stability of
these crystals against annealing.

Another interesting point are the temperature
regions necessary to induce interdiffusion in the
investigated quantum well structures. The small-
est temperatures are necessary for Hg Cd, _, Te/
Hg Cd,_,Te which show interdiffusion effects

Table 2

Properties of several II-VI semiconductor materials; listed
are the lattice constant a, the Debye temperature @, at 0 K
and the melting point T,

Material a Opat0K T
A (K) O
HgTe 652 147° 670 2
CdTe 652 150, 160 ? 1092 @
MnTe 6.3°¢ - -
MgTe 6.4 4 - -
CdSe 612 230,315 ° 12412
ZnSe 572 ~270" 1520 @
ZnS 5472 334" 1830 @
2 Ref. [9].
b Ref. [10).
¢ Ref. [11].

4 Ref. [12].
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for temperatures smaller than 300°C. The proper
temperature region for annealing CdTe /CdMgTe
and CdTe/CdMnTe structures is roughly the
same and lies within 390 and 540°C, while for
ZnSe /CdZnSe as well as for ZnSe/ZnSSe, a
temperature of about 600°C is necessary to obtain
small blue shifts. It is interesting to compare the
Debye temperature and the melting temperature
of these materials, because both the temperature
necessary for the activation of lattice vibrations
and the destruction of the crystal lattice are ex-
pected to be correlated with the temperature
necessary to induce interdiffusion. In Table 2, the
Debye and melting temperatures are listed for a
variety of semiconductor alloys. For HgTe, CdTe
and ZnSe, the Debye temperature as well as the
melting temperature are growing from HgTe to
ZnSe and reveal therefore the same tendency as
the characteristic interdiffusion temperatures of
the material systems investigated in this paper.
In summary, we have investigated the diffusion
in single quantum wells grown of five different
II-VI semiconductor materials. We found that all
three CdTe-based materials, Hg,Cd,_,Te/Hg,
Cd,_,Te, CdTe/CdMnTe and CdTe/CdMgTe,
offer the possibility to completely intermix the
quantum well and barrier material without
quenching the luminescence signal and as a con-
sequence to shift the photoluminescence signal
almost up to the energy of the barrier. This
property makes these materials promising candi-
dates for optical emitters with a wavelength that
can be tuned by a thermal process. On the other
hand, in ZnSe /CdZnSe and ZnSe /ZnSSe quan-
tum wells, energy shifts of only a few meV were
achieved without destroying the optical quality of
the grown structures. Furthermore, the tempera-

ture necessary to obtain a significant diffusion for
1 min annealing is smallest for the Hg ,Cd,_,Te/
Hg Cd,_,Te system and increases over CdTe/
CdMg(Mn)Te to ZnSe / ZnCd(S)Se.

The work at Wiirzburg university was finan-
cially supported by the Bayerische Forschungs-
verbund.
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