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The nonequilibrium growth technique of molecular beam epitaxy (MBE) has
provided for the fabrication and investigation of a multitude of novel lay-
ered heterostructures based on 1I-VI compound semiconductors. The ability
to grow epitaxial metastable magnetic and semimagnetic semiconductors
layered with conventional II-VI semiconductors has resulted in structures
which, for example, exhibit frustrated antiferromagnetism, and a wide wave-
length tunability due to selftrapping of excitons in ZnTe-containing layered
structures and due to extremely large (=1 eV) quantum shifts of light emis-
sion from MnTe/CdTe superlattice structures. In addition, the control in
the stoichiometry of surfaces and the composition of molecular beams used
in the MBE growth technique has allowed for the fabrication of very ad-
vanced heterostructures which have combined the II-VI and III-V families
of compound semiconductors. The work which will be described in the fol-
lowing review represents a very small sampling of the many important results
achieved in the field of II-VI based heterostructures. The topics have been
selected to illustrate and provide an example of the utility of MBE and the
potential of “engineered” II-VI heterostructures and quantum wells.

(31)



32 L. A. Kolodziejski, R. L. Gunshor, A. V. Nurmikko, N. Otsuka

PACS numbers; 68.55.Bd;78.65Fa

Introduction

The II-VI family of compound semiconductors has long been recognized for
potential optical and optoelectronic device applications due to the presence of
their wide, direct energy bandgaps. Figure 1 represents a composite of many of
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Fig. 1. Comparison of the room temperature energy bandgap and lattice parameter
for many of the technologically important I1I-V, II-V, and elemental semiconductors
can be easily seen. '

the technologically important compound and elemental semiconductors and com-
pares their energy bandgaps and lattice parameters. Immediately apparent from
Fig. 1 is the wide wavelength range (from 3.66 to —0.30 ¢V) which is spanned by
the II-VI materials. In contrast, III-V semiconductors span a much smaller range
of wavelengths and may exhibit indirect energy bandgaps, similar to the elemental
semiconductors Si and Ge. The addition of Mn to various II-VI compounds results
in a substantial increase in the energy bandgap, paralleling the effect that alloy-
ing aluminum has on binary III-V materials. Although the lattice parameter is
also seen to vary, Mn-containing semimagnetic semiconductors have been utilized
in a variety of strained-layer configurations making possible investigations of the
optical, microstructural, and electronic properties of II-VI heterostructures and
multiple quantum wells. In addition, by employing the nonequilibrium growth of
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molecular beam epitaxy, metastable, unstrained, thick epitaxial layers of MnSe
and MnTe in zincblende crystalline structure have been fabricated. In the case
. of MnSe, the equilibrium bulk structure is NaCl, whereas bulk MnTe exhibits the
NiAs crystal structure. Each of the aforementioned magnetic semiconductors in its
zincblende form has been layered with narrower gap II-VI semiconductors and has
thus formed the barrier or wider bandgap layer in quantum well configurations.
By careful selection of the substrate upon which the layered structure is epitax-
ially deposited, the strain can be distributed throughout or may be confined to
a particular layer of the superlattice. In most cases, the various II-VI based het-
erostructures and quantum wells have been grown on III-V substrates, primarily
due to their superior crystalline quality and ease of surface preparation for epitaxy.
II-VI bulk substrates are still relatively scarce in large area and high quality.

As can be seen in Fig. 1, for almost any combination of II-VI materials
a closely lattice matched III-V compound is available for use a substrate. Con-
versely, for most of the technologically important III-V semiconductors, a closely
lattice-matched wide bandgap II-VI material is available for use as a II-VI pseu-
doinsulator. The similarities in lattice parameters, crystal structures, and ther-
mal expansion coefficients, but the differences in bandgaps, suggesting substantial
band discontinuities in layered configurations, strongly suggests investigation of
advanced II-VI/II-V heterostructures. The II-VI layer provides i) a means to
passivate the surface of the III-V semiconductor in the absence of a native oxide
or ii) as a replacement for deposited amorphous insulators or for wider bandgap
epitaxial III-V materials which may lack sufficient band discontinuities in both
the conduction and valence bands. Substantial progress has been realized in the
field of II-VI based heterostructures and multiple quantum wells in the last five
years primarily through the successful growth of the II-VIs by molecular beam
epitaxy and metalorganic vapor phase epitaxy. The following review addresses
only work based on the MBE growth technique, and cannot possibly cover all of
the successes achieved by the many investigators working worldwide in the field.
Therefore, selected topics will be discussed which, in the authors’ opinion, illus-
trate various interesting physical phenomena which were observed in unique and
novel II-VI based heterostructures and multiple quantum wells. The objective is to
stimulate creativity in efforts to overcome the remaining crystal growth problems
of the II-VI family of semiconductors by engineering new layered structures and
by continuing pursuit of advanced nonequilibriumcrystal growth techniques.

ZnSe superlattice structures containing zincblende MnSe

ZnSe has been layered with the II-VI semiconductor compounds ZnS, ZnTe,
Zn(S,Se), (Zn,Cd)Se, the semimagnetic semiconductor (Zn,Mn)Se, and the mag-
netic semiconductor MnSe to form wide bandgap II-VI superlattices and multi-
ple quantum well (MQW) structures. For all of these materials the lattice con-
stant varies substantially from that of ZnSe, such that layered structures form
strained-layer superlattices, provided the layer thicknesses are below the critical
thickness where misfit dislocations form. The following section addresses super-
lattice structures composed of ZnSe and MnSe; some recent references reviewing
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the properties of other ZnSe-based superlattices and MQWs can be found in [1-4].
The diluted magnetic semiconductor (Zn,Mn)Se is formed by alloying the mag-
netic transition metal Mn into the II-VI compound ZnSe. The Mn atoms randomly
replace Zn atoms modifying the band structure through an increase in the direct
energy bandgap. The two s electrons of the outer shell of the Mn atoms replace
those of Zn and become part of the band electrons in extended states. The five
electrons in the unfilled -3d shell of Mn, however, give rise to localized magnetic
moments which are partially aligned in an external magnetic field. The resultant
magnetic moment interacts with the band electrons causing a Zeeman splitting
which is two orders of magnitude larger at low lattice temperature than for the
host II-VI semiconductor. The presence of the magnetic ion (with the associated
Zeeman shifts) provides an unique and useful feature to the superlattices and
MQWSs in which Mn is incorporated, as we shall see below. The very interesting
magnetic and magneto-optical properties of a wide variety of diluted or semimag-
netic semiconductors are described by Gaj et al. [5] and by Aggarwal et al. [2].
Although the presence of the magnetic transition metal Mn results in very
interesting magnetic and magneto-optical properties, the primary motivation for
the thin film growth of (Zn,Mn)Se originated in the necessity of obtaining a wider
bandgap. material than ZnSe, such that layered quantum microstructures based
on ZnSe could be fabricated. In epitaxial layers of (Zn,Mn)Se, as the Mn frac-
tion was increased, the direct energy bandgap was found to increase; however, the
increase was found to be rather small for a substantial increase in Mn fraction
[4]. To attempt to provide sufficient band offset for significant confinement of both
electrons and holes in the quantum well structures, substantial Mn fractions would
be necessary for fabrication of the wider bandgap or barrier layers which would be
alternated with the ZnSe well layers. The main difficulty which became apparent
was the tendency of bulk crystals of (Zn,Mn)Se to exhibit mixed crystalline phases
and hexagonal crystal structure when greater than approximately 25% Mn was in-
corporated into the host zincblende lattice {6]. By employing the nonequilibrium
growth technique of molecular beam epitaxy (MBE), zincblende metastable epi-
taxial layers of (Zn,Mn)Se were deposited over the entire composition range onto
ZnSe buffer layers grown on GaAs substrates [7,8]. Due to the significant lattice
mismatch, relatively thick epitaxial layers were strain relieved by the generation
of misfit dislocations. From data of X-ray diffraction measurements, the lattice
parameter of thick layers of zincblende (Zn,Mn)Se is seen to vary substantially
with Mn fraction [4]. Utilizing the flexibility of MBE and the ability to modulate
the layer composition on the scale of a monolayer, MQWSs were fabricated at rel-
atively low substrate temperatures (~ 400 °C) using elemental sources of Zn, Se
and vacuum distilled Mn. Various microstructures, composed of differing amounts
of Mn in the barrier layers and ZnSe well layers, were grown having significant
amounts of strain due to the differing in-plane lattice parameters between layers;
strained-layer superlattices existed whereby the strain was elastically accommo- -
dated throughout the very thin layers without the generation of dislocations. The
resultant (Zn,Mn)Se MQWs have been characterized by a variety of techniques
including transmission electron microscopy, photoluminescence and photolumines-
cence excitation spectroscopy, time resolved luminescence spectroscopy, nonlinear
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absorption spectroscopy, and observations of stimulated emission and gain spectra;
these measurements have been reviewed by Kolodziejski et al. [9, 4].

Photoluminescence measurements of epitaxial layers of (Zn,Mn)Se at low
temperatures exhibited the presence of two competing and dominant optical transi-
tions which originated from the radiative recombination of excitons near the band-
edge, as well as due to emission from transitions associated with an excited Mn-ion.
For small Mn fractions (0 < z < 0.1), blue excitonic recombination dominates,
whereas very intense yellow luminescence due to the Mn-ion internal transitions
dominates at higher Mn fractions. For samples containing Mn fractions greater
than 0.5, the only emission observed is the yellow emission around 2.1 eV [10]. As
can be seen in the Fig. 2b, an epitaxial film of (Zn,Mn)Se, having 33 % Mn, exhibits
a photoluminescence spectrum containing significant amounts of yellow lumines-
cence; whereas very little luminescence associated with recombination of excitons
near the bandedge is observed. In striking contrast to this spectrum however, is the
photoluminescence spectrum (Fig. 2a) emitted from a superlattice containing bar-
riers of Zng ¢7Mno.33Se and ZnSe wells. Although the MQW sample is illuminated
with above bandgap radiation, creating electron and hole pairs in the (Zn,Mn)Se
barrier layers, the carriers are quickly and efficiently swept to the narrow bandgap
ZnSe well where the carriers radiatively recombine emitting strongly intense blue
light representative of the effective bandgap of the quantum-sized structure. In
comparison to the yellow luminescence emitted from the Mn-ion internal transi-
tion, the blue emission due to the bandedge transition is approximately 100 times
more intense.

The ability to incorporate increasing fractions of Mn into the ZnSe host lat-
tice, while maintaining the zincblende crystal structure, motivated further pursuit
of the MBE growth of a metastable zincblende form of MnSe. For the growth of
both thick epitaxial layers and MnSe/ZnSe superlattice structures, only vacuum
distilled Mn and elemental Se was used for the growth which occurred at 400°C.
By extrapolating the data of energy bandgap and lattice parameter versus Mn
fraction for the zincblende epilayers of the alloy, the values of 3.4 €V and 5.93 A,
respectively, were obtained for zincblende MnSe. Thus when MnSe was layered
with ZnSe, the MnSe served as the barrier material; due to a lattice mismatch
of 4.7 %, the superlattices were strained-layer structures. The resolution of mono-
layer growth offered by molecular beam epitaxy also suggested that the magnetic
properties of ultra thin magnetic semiconductors could be investigated by con-
trolling the spacing of, and spacing between, Mn-containing layers. To achieve the
objective of controlling the growth to a monolayer, reflection high energy electron
diffraction (RHEED) intensity oscillations were employed during the growth. One
period of oscillation in the intensity of the specular spot of the diffraction pattern
indicated that only one monolayer of MnSe or ZnSe was deposited. A series of
“comb-like” superlattices, consisting of 30 to 100 periods, were grown with MnSe
layer thicknesses of one, three, and four monolayers; the MnSe layer thicknesses
were separated by 45 A of ZnSe. For purposes of comparison, structures were also
grown having one and three monolayers of MnSe where the growth was interrupted
after each MnSe/ZnSe interface, in an effort to fabricate interfaces with minimum
growth front roughness. An additional structure was fabricated consisting of ten
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Fig. 2. A comparison of the photoluminescence intensity versus wavelength from (a)
a (Zn,Mn)Se/ZnSe multiple quantum well structure having ZnSe wells and (Zn,Mn)Se
barriers containing 33 % Mn and (b) a thick epitaxial layer of (Zn,Mn)Se containing 33 %
Mn. The temperature of the measurement was 6.5 K and both samples were illuminated
with ultraviolet radiation under similar conditions.
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monolayers of MnSe separated by 24 A of ZnSe with a total of 30 periods (to
minimize the amount of strain in the structure).

Photoluminescence measurements were performed in the presence of a mag-
netic field (up to 5 T), and were used as an early indicator of the magnetic prop-
erties of the MnSe/ZnSe superlattices; complementary information was provided
through direct magnetization measurements obtained using a SQUID magnetome-
ter. In the absence of a magnetic field the photoluminescence peak due to the
ground state excitonic transition occurred at an energy that was expected from
Kronig-Penney models used for superlattices containing ZnSe with ultrathin layers
of MnSe barriers (E; = 3.4 V). However in the presence of a magnetic field, the
ground state optical transitions were red-shifted due to the exchange interaction
between electron-hole states of the superlattice and the magnetic moments of the
Mn ions in the MnSe layers. The shift of the optical transitions as a function of
applied field is shown in Fig. 3. Data is plotted for both Faraday and Voigt config-
urations of the applied magnetic field. As the MnSe layer thickness was reduced,
significant and unexpected Zeeman shifts were observed and suggested a significant
amount of paramagnetic behavior. However, bulk crystals of rock-salt MnSe ex-
hibited antiferromagnetic behavior and bulk crystals of (Zn,Mn)Se existing in the
wurtzite phase showed an increasing tendency of antiferromagnetic ordering as the
Mn mole fraction was increased. In addition, MBE grown epilayers of (Zn,Mn)Se
showed a reduction in Zeeman shift as the Mn fraction increased suggesting an
increasing antiferromagnetic coupling between Mn-ion spins.

Complementary magnetization measurements of the MnSe/ZnSe superlat-
tice structures, obtained with a SQUID magnetometer, confirmed the presence of
a positive contribution at low temperature for the samples with ultrathin layers
of MnSe, while the thick epitaxial layer of MnSe exhibited typical antiferromag-
netic ordering behaviour [11]. Although further studies are required to appreci-
ate fully the origin of the frustrated antiferromagnetism, the tendency for spins
to align in the presence of an external magnetic field is believed to arise from
“loose” spins existing at the heterointerfaces between MnSe and ZnSe. For very
thin layers of MnSe, the heterointerfaces will dominate, whereas for thicker MnSe
layers the “bulk” of the layer will dominate the magnetic behavior. The pres-
ence of the Mn atoms provides a magnetic probe on the scale of chemical bond
lengths due to the short range superexchange interaction between nearest neighbor
Mn-ions coupled through the Se anions. Incomplete layer growth, which is intrinsic
to the MBE growth process, may occur even though the layers have grown in a
layer-by-layer manner. These interfacial islands will have a finite size and may be
effective in frustrating the antiferromagnetic ordering which is expected for MnSe.
In addition, reconstruction effects may play a role during the MBE growth in the
presence of a significant degree of interface strain. Further studies of the behaviour
of the MnSe/ZnSe superlattices in the presence of a magnetic field may provide ad-
ditional information for superlattice structures in general when considering issues
relevant to heterointerfaces formation.
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Fig. 3. Energy of ground state transition observed in photoluminescence as a function
of applied magnetic field for MnSe/ZnSe superlattice structures containing one, four, and
ten monolayers of MnSe. Significant shift for one and four monolayer MnSe structures
indicates presence of observed paramagnetic behavior.

Ultrathin Sheets of ZnTe within (Zn,Mn)Se/ZnSe Multiple Quantum
Wells

Magneto-optical measurements of the many types of quantum-sized struc-
tures, composed of (Zn,Mn)Se and ZnSe, suggested that the band discontinuity
between conduction and valence bands resided primarily in the conduction band.
Measurements of the energy bandgap by photoluminescence and reflectance of the
(Zn,Mn)Se epilayers indicated the bandgap differences between well and barrier
layers of the MQW structures ranged between 100-300 meV. By carefully study-
ing the magnetic field induced shifts of optical transitions, which was associated
with the exchange interaction of the hole wavefunction residing in the (Zn,Mn)Se
barrier layers, Hefetz et al. [10] determined that the valence band offset was very
small (~ 20 meV) and may be dependent on the strain present in a particu-
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lar (Zn,Mn)Se/ZnSe MQW sample. The rapid decrease in the photoluminescence
quantum efficiency as the temperature increased suggested that the excitons non-
radiatively recombined due to lack of confinement of the hole in the very shallow
quantum well. The objective to obtain large quantum efficiencies at room tem-
perature suggested the need to provide additional confinement of the hole, while
maintaining the confinement of the electron, to encourage radiative recombination
of excitons in the MQW structures. By comparing the electron affinities of many
II-VI compounds, ZnTe possessed a valence band nearer to the vacuum level than
either (Zn,Mn)Se or ZnSe; if Zn(Se,Te) was used as the well material, would the
hole be confined in (Zn,Mn)Se/Zn(Se,Te) MQW structures?

During the initial experiments associated with the MBE growth of the mixed
crystal alloy of Zn(Se,Te), an extreme difficulty was encountered when a small
fraction of Te was desired. In the work reported by Yao et al. [12], over the entire
range of Te fraction, a Te-to-Se flux ratio of three to ten was required. Using the
high vapor pressure elements for sources during MBE, extreme control of the oven
temperature is required and very difficult to achieve. To circumvent the problems
associated with controlling the alloy concentrations, ultrathin layers of ZnTe were
embedded within (Zn,Mn)Se/ZnSe MQW structures. The ultrathin layers of ZnTe
were spaced appropriately such that an approximate mixed crystal of Zn(Se,Te) -
with small Te fraction was formed; in such a case a Zn(Se,Te) “pseudo-alloy”
was conveniently deposited by MBE. Figure 4 illustrates the effect of placing an
ultrathin sheet (3 A or one monolayer) of ZnTe in the center of ZnSe wells existing
in a (Zn,Mn)Se/ZnSe MQW structure. During the growth of the ZnTe layer, atomic
layer epitaxy growth techniques were employed on recovered surfaces to minimize
the interface roughness of the ZnSe/ZnTe heterointerface.

In Figure 4a, typical photoluminescence intensity versus energy is measured
for a Zng 77Mng 23Se/ ZnSe MQW structure containing no ultrathin sheets of ZnTe,
and is similar to the spectrum recorded in Fig. 2 (a). The only luminescence origi-
nates from very intense blue emission of ground state excitonic optical transitions.
In striking contrast is the spectrum recorded in Fig. 4b for the same MQW struc-
ture, but now containing one ultrathin (3 A) sheet of ZnTe placed in the center of
each 44 A ZnSe well. The broad luminescence features are at much lower energies
and are due to the strong localization of excitons at the ZnSe/ZnTe heterointer-
faces. The photoluminescence features are similar to that measured for bulk mixed
crystals of Zn(Se, Te) with low fractions of Te [13]. Figure 4c indicates that the low-
est energy exciton transition (in absorption) has not been significantly shifted by
the presence of the ultrathin ZnTe sheets. In addition to the luminescence occur-
ring at a range of wavelengths, the radiative recombination efficiency was greatly
enhanced as the temperature was increased from LHe temperatures.

Comparison of the temperature dependent optical properties of the bulk
mixed crystals with the optical properties of these “engineered” MQWSs, with
and without application of a magnetic field, has provided for a detailed under-
standing of the exciton self-trapping phenomena associated with the.presence of
Te at the ZnSe/ZnTe heterointerface [14]. As mentioned above, the magnitude of
the Zeeman shift can be directly related to the extent of the hole wavefunction
into the (Zn,Mn)Se barrier layers. It was determined in the MQWs containing the
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Fig. 4. Comparison of photoluminescence intensity versus wavelength for a
(Zn,Mn)Se/ZnSe multiple quantum well: (a) without the presence of an ultrathin sheet
of ZnTe, (b) with the presence of an ultrathin (3 A) sheet of ZnTe place in the center
of the ZnS well, and (c) photoluminescence excitation spectrum of multiple quantum
well in (b) containing the ultrathin ZnTe sheet. The measurement was performed under.
identical conditions of UV illumination and at 8 K. '

ultrathin ZnTe sheets that the hole component of the exciton wavefunction be-
comes strongly localized at Te-centers, reducing the exciton’s effective Bohr orbit.
The two features observed in Fig. 4b are identified to excitons localized to isolated
single and double Te sites, which are expected to be located at the ZnSe/ZnTe het-
erointerface. The high radiative efficiency and the relatively long lifetimes which
have been measured for the MQW structures, further suggests that the hole is
strongly localized with the electron in a Coulomb orbit. Originally motivated to
confine the hole within the Zn(Se,Te) well of a (Zn,Mn)Se/Zn(Se,Te) MQW, the
hole is very strongly localized due to the presence of Te as an isoelectronic im-
purity. As the ZnTe layer thickness is increased, a two-dimensional isoelectronic
impurity “band” can be formed and investigations with regard to the formation of
band offsets can begin to be developed. In addition, for device applications such
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localization is highly desirable if occurring at room temperature to prohibit the
nonradiative recombination of excitons freely moving throughout the crystal.

Zincblende MnTe/CdTe Superlattices

* As noted above, the presence of ultrathin sheets of ZnTe embedded within
engineered (Zn,Mn)Se/ZnSe MQW structures provided for the emission of light
over a very large wavelength range. Blue (~ 2.6 eV) light has also recently
been observed from the ve ry large quantum-shifted emission from superlattices
composed of MnTe/CdTe [15, 16]. In these structures the well material is Cd'Te
(Eg = 1.593 eV), whereas the barrier material is zincblende MnTe. The nonequilib-
rium crystal growth technique of MBE allowed for the fabrication of the metastable
phase of zincblende MnTe; the equilibrium crystal structure is NiAs with an en-
ergy bandgap of 1.3 eV. Extrapolating the data of bandgap and lattice parameter
for alloys of bulk crystals of zincblende (Cd,Mn)Te, suggests values of 3.18 eV
[17] and 6.34 A[18], respectively. X-ray diffraction measurements on thin films
of zincblende MnTe provide lattice parameter values of 6.33 A, and optical re-
flectance indicates that the bandgap is approximately 3.20 eV in close agreement
with the extrapolated values. Both X-ray diffraction powder camera measurements
and electron diffraction via RHEED and transmission electron microscopy (TEM)
have confirmed the zincblende crystal structure of the metastable MnTe layers.

By employing the zincblende MnTe as barrier layers, single quantum well
(SQW) structures have been fabricated with CdTe well thicknesses varying from
56 to 10 A. The SQWs were fabricated on CdTe buffer layers which were deposited
onto closely lattice-matched MBE-grown InSb homoepitaxial buffer layers. Due
to the lattice mismatch between CdTe and MnTe, the thickness of MnTe layers
remained constant at 35 A in the SQW structures; TEM indicated the MnTe lay-
ers were pseudomorphic and free of misfit dislocations. Figure 5 illustrates the
large quantum shifts observed in photoluminescence as the CdTe well thickness
decreased. The peaks observed in photoluminescence originate from optical tran-
sitions from the n = 1 conduction band to the n = 1 valence band states. For the
narrowest (10 A) CdTe wells studied thus far, the luminescence at low tempera-
ture is in the blue portion of the spectrum and represents a quantum shift due
confinement of the carriers of 1 eV [15, 16].

II-VI/III-V Heterostructures

Thus far this review has emphasized the MBE growth of II-VI/II-VI quan-
tum well structures which have in all cases been fabricated onto III-V bulk sub-
strates. Utilization of the III-V substrate is largely due to the superior crystalline
quality, reasonably large areas, and relatively modest cost. In Figure 1 the de-
gree of lattice mismatch between the aforementioned material combinations can
be determined. However, there are many examples of II-VI/III-V heterostructure
combinations for which the degree of lattice mismatch is very small or the layered
configuration is perfectly lattice matched. In addition, all of the III-V and many
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Fig. 5. Low temperature (5 K) photoluminescence intensity versus wavelength for var-
ious MnTe/CdTe superlattice structures having differing well dimensions as shown in
the ﬁgure.

of the II-VI semiconductors are of zincblende crystal structure, and have ther-
mal expansion coefficients which do not vary dramatically from one compound to
another, in contrast to thermal expansion coefficients for insulators such as SiO,.
The substantially larger energy bandgaps of the II-VI family of semiconductors
suggest that substantial band discontinuities might exist (in many cases) when a
1I-VI material is layered with a III-V material. With the complementary nature of
the II-VI and III-V compound evident, II-VI/III-V heterostructures and multiple
quantum wells grown by MBE are currently under investigation. The objective is
to utilize epitaxial II-VI materials as pseudoinsulators on epitaxial layers of III-V
semiconductors. The II-VI material may provide the wide bandgap barrier layer,
as in the case of CdTe/InSb multiple quantum wells, or may provide a passivation
layer such as in ZnSe/GaAs heterostructures.

The development of a metal-insulator-semiconductor (MIS) technology based
on the important compound semiconductor GaAs has met with considerable dif-
ficulties due to the inadequate electrical characteristics of interfaces formed using
native oxides or by deposition of various insulators onto the GaAs surface. In the
“non-epitaxial” insulator/GaAs interfaces, the existence of a large number of in-
terface states [19, 20, 21] limits the extent to which the bands can be bent. An
alternative technology has been developed, however, in which the wider bandgap
semiconductor (Al,Ga)As is used as a semi-insulator in a variety of field effect
transistor structures. An epitaxial heterojunction is utilized in these transistor
structures due to the nearly identical lattice match between (Al,Ga)As and GaAs,
and due to the ability to fabricate such a heterointerface without growth interrup-
tion at the electrical junction. A very different epitaxial II-VI/III-V heterojunction
has recently been employed in a field effect transistor structure where pseudomor-
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phic ZnSe [22] forms a pseudoinsulator on doped epitaxial layers of GaAs. Typical
transistor characteristics were exhibited, and channel modulation indicated that
the Fermi level could be varied over a large portion of the GaAs bandgap [23]. The
wider bandgap of ZnSe, compared to that of (Al,Ga)As (2.0 eV for an Al mole
fraction of 0.5), suggests a variety of device applications where ZnSe may present
an alternative to (Al,Ga)As for passivation of GaAs.

A series of metal-insulator-semiconductor capacitors have been fabricated
for which the capacitance-voltage (C-V) characteristics have been investigated
[24, 25]. Following the growth of the ZnSe/p-GaAs heterojunctions, capacitors
(125 pm in diameter) were formed using a lift-off for the Al metal gate. Many
samples have been studied and consist of both n- and p-type MBE-grown GaAs,
where the GaAs has been grown in a completely separate III-V dedicated growth
chamber. Following the “typical” growth of the ZnSe/GaAs structure, the capac-
itors have been fabricated in the as-grown condition or have been treated with a
post deposition anneal; subsequent structures have been fabricated wherein the
interfaces exhibit various GaAs surface reconstructions in RHEED patterns prior
to nucleation of ZnSe. The C-V measurements illustrate that the structure can
be biased into accumulation (p-type GaAs), depletion, inversion (n-type GaAs),
and deep depletion. A substantial band offset therefore exists in the valence band,
but a relatively small conduction band offset is expected from these data. Using
Terman’s [26] method to calculate interface state densities, the interface state den-
sities have been obtained as a function of the GaAs bandgap, and were compared
with that reported by Chung et al. [27] for the (Al,Ga)As/GaAs interface in Fig. 6.
The particular structure for which the C-V data was used, is for a capacitor which
experienced a post deposition anneal, but is representative of the data obtained
in as-grown structures which were grown with a Ga-rich surface of GaAs prior
to nucleation of the insulator, ZnSe. As can be seen in the figure, the interface
state density can be very low and comparable to that observed in a more typical
TII-V/III-V heterointerface.

In the case of ZnSe/GaAs heterostructures, the ZnSe is used as an epitaxial
pseudoinsulator to passivate the GaAs surface. In the case of CdTe/InSb multi-
ple quantum well structures however, the CdTe represents a wide energy bandgap
barrier layer whereas InSb is the well material. The two materials are very closely
lattice matched (< 0.05 %), and both theoretical predictions [28] and experimen-
tal measurements [29] indicate the quantum wells are of Type I with substantial
conduction and valence band discontinuities. Large quantum shifts in the bandgap
energy are predicted for the relatively wide quantum wells as a result of the small
effective mass of the electrons and light holes. For example, a 75 A quantum
well has a ground state transition energy twice that of bulk InSb [30]. Structures
involving reasonable well dimensions allow a wavelength range of 2-5.5 um to be
accessed. Figure 7 shows a cross-sectional TEM micrograph of a CdTe/InSb-MQW
structure grown by MBE in a single growth chamber (31, 32]. The dark contrast
represents the 163 A InSb well, while the light contrast is the 167 A CdTe bar-
rier layer; in the structure there are 20 periods to form the MQW. In the growth
of the MQW structures of CdTe/InSb, the InSb is grown at very low tempera-
tures (280°C) with an Sb craker to provide a source of Sby dimers. Although
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Fig. 6. Interface state density as a function of the GaAs bandgap for a
metal-insulator-semiconductor capacitor structure composed of an epitaxial ZnSe in-
sulator on an epitaxial GaAs surface. Also shown is the reported interface state density
for an (Al,Ga)As/GaAs interface [27).

Fig. 7. Cross-sectional transmission electron microscope image obtained from a
CdTe/InSb multiple quantum well structure. The structure contains 20 periods of 163
A InSb and 167 A of CdTe grown on an MBE-grown InSbh homoepitaxial buffer layer.
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much investigation is still required to fully understand the electronic, optical and
microstructural properties of these novel II-VI/III-V MQWs, the initial results
show promise for their fabrication. The rapid success provides further motiva-
tion to pursue additional II-VI/III-V heterostructure combinations, in addition

to utilizing newer growth techniques for their fabrication such as chemical beam
epitaxy.

Summary

The objective of the review of II-VI based heterostructures was to emphasize
the differing manners in which bandgap engineering, in addition to use of the non-
equilibrium MBE growth techniques, provided novel structures which exhibited in-
teresting physical phenomena with potential for device applications. II-VI MQWs
of sophisticated structure have exhibited a wide wavelength range of optical emis-
sion due to i) the presence of exciton self trapping in (Zn,Mn)Se/ZnSe containing
ultrathin sheets of ZnTe and ii) large (1 eV) quantum shifts from MnTe/CdTe
superlattices. The growth by molecular beam epitaxy of MnSe and MnTe has
resulted in metastable zincblende crystal structure, and interesting magnetic phe-
nomena such as frustrated antiferromagnetism in MnSe/ZnSe superlattices. The
future directions of II-VI materials may include expanding their use for integration
in II-VI/III-V heterostructures where the II-VI is the pseudoinsulator or barrier
layer for I1I-V based devices. :
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