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OBJECTIVE

The objective of this research program is to study the kinetic growth processes

involved in the molecular and atomic beam epitaxy of ZnSe, ZnSe alloys, and ZnSe-based
multiple quantum wells. Monte Carlo studies of the growth processes are carried out in

conjuction with selected experiments to determine various parameters necessary to
provide a complete description of the growth modelling code. Complete understanding of
the incorporation processes involved in the MBE growth will be necessary to succeed in

controlling the carrier type in the wide bandgap Il-VI semiconductor. Controlled
substitutional doping of ZnSe, to contain both p- and n-type carriers, is also under
investigation. Three main topics have been pursued during the course of the last year
which include i) comparisons of Monte Carlo simulations and MBE growth experiments

to describe the kinetic growth processes involved in the molecular beam epitaxy of ZnSe,
ii) the controlled substitutional n-type doping of ZnSe with gallium, and iii) the
isoelectronic delta doping of tellurium in ZnSe-based heterostructures fabricated by

employing atomic layer epitaxy growth techniques; a summary of each major

accomplishment is included below.

KINETIC GROWTH PROCESSES INVOLVED In the MBE OF ZnSe

The research on the growth modelling of MBE has been focussed on the incorporation

processes in the growth of ZnSe, the control of which is considered to be one of the

critical ingredients for achieving controlled doping of this wide bandgap material. For

the experimental study, absolute measurements of the Zn and Se fluxes have been

performed by three different methods: I) the deposition of Zn and Se on cold substrates,
ii) the estimation by means of a quartz crystal monitor, and iii) the growth of ZnSe

under Zn or Se over flux conditions. Based on the flux measurements, the flux ratio was

set at exactly unity for the growth of (100) ZnSe at 320 °C. Under this condition,
relatively high sticking coefficients of Zn and Se, and Se-rich growth surfaces are

obtained. Monte Carlo simulations of the growth processes suggest that these

experimental observations result from the following incorporation processes: Zn atoms

arriving at the Se-covered surface and Se atoms arriving at the Zn-covered surface are
incorporated into the ZnSe crystal with nearly unity sticking probabilities. In addition,

appreciable portions of Se atoms arriving at the Se-covered surface are incorporated
into the growing crystal through surface migrations of physisorbed atoms and molecules.

A preprint of a paper, describing this work, presented at the Fifth International

Conference on Molecular Beam Epitaxy in Sapporo, Japan this August, is included in
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Appendix A; the publication will appear in the Journal of Crystal Growth.

In the past year, the main effort of the TEM group has been directed to the completion

of the new high resolution electron microscope facility for the study of the MBE-grown

structures. - With the new JEM 2000 EX electron microscope, equipped with an

ultrahigh resolution pole piece, we have obtained a point resolution of 2.1 A. The

facility also has a new ion milling machine which includes iodine source guns for

preparation of damage-sensitive materials. Through the collaboration with Gatan, Inc.

(The iodine guns are the first product of this company.), we have solved a number of

problems caused by the usage of Iodine, including degradation of the vacuum system and

deposition of iodine on thin samples. With the capabilities of these new instruments, we

have started the analysis of atomic structures of interfaces in II-VI semiconductor

heterostructures. Besides the work with the MBE group at Purdue, the TEM group is

continuing active collaborations with outside MBE groups represented by those of

University of Illinois (Morkoq), North Carolina State University (Schetzina), Colorado

State University (Robinson), Rockwell (Gerther), General Electric (Myers), and

Hughes (Wu).

MBE GROWTH of ZnSe DOPED with GALLIUM

The IVI compound semiconductor family, and the potential of these materials

for device applications, have remained relatively untapped due to the substantial

difficulties in preparing the Il-VIs, by any growth technique, to contain both p-type

carriers and n-type carriers. Bulk, liquid phase, or vapor phase growth techniques of

the past used very high temperatures for the fabrication of ZnSe, and consequently

control of the carrier type could not be achieved. The resultant ZnSe always exhibited

n-type transport properties, or the as-grown material was so heavily compensated that

the material was highly resistive. Newer growth technologies such as molecular beam

epitaxy provide promise of circumventing the doping problems of the II-VIs, and ZnSe in

particular, due to the non-equilibrium nature of the growth, and by the ability to affect

the growth with photon illumination, for example.

Studies of dopant incorporation reported in the literature for ZnSe have been

complicated by the presence of unintentional impurities found in both elemental and

compound source material used in the MBE growth process. In most cases undoped ZnSe

grown by MBE, using commercially available source material, has been reported to be

n-type with low resistivity (-1 ohm-cm). The low resistivity of the "undoped" ZnSe

material implied that the ZnSe was of good stoichiometry as a relatively small deviation

from a unity Zn-to-Se flux ratio, toward either Zn-rich or Se-rich conditions, was

found to result in high resistivity material. (The defects generated during growth under
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non-stoichiometric conditions appeared to compensate the non-intentionally

incorporated Impurities giving rise to the high resistivity.) For example, in doping

experiments performed in our laboratory, at a given Ga oven temperature, the
resistivity was found to increase by two orders of magnitude when the flux ratio

(Se/Zn) went from one to two. (The flux of each element was measured by a quartz
crystal monitor placed in the approximate position of the substrate.) Through
enhancement of the purity of the source material by vacuum distillation and/or zone-
refining, nominally undoped ZnSe, grown under similar conditions of substrate

temperature and flux ratio, exhibited high resistivity (-104 ohm-cm). The use of

purity-enhanced source material was reported by three groups. Yoneda et al. [A22L
Ey.Lett. 45, pp. 1300, 19841 performed a study in which they reported the
variation of carrier concentration, resistivity, and relative intensity of free exciton

emission for undoped ZnSe as a function of purification cycles, where the Se source

material was vacuum distilled. The carrier concentrations ranged from lx10 1 7 cm 3

to less than 7x1014 cm"3 as the number of purification cycles was varied from I to 9,
respectively.

At Purdue we have consistently used vacuum distilled source material (Zn, Se,

Mn, and CdTe) prepared In-house for the growth of (Cd,Mn)Te, ZnSe, and (Zn,Mn)Se.
In our case, depending on the conditions of the MBE apparatus and particular charge of

source material, we have measured both high resistivity (-104 ohm-cm) undoped ZnSe

and lower resistivity undoped ZnSe (on the order of 3 ohm-cm). We have also grown
undoped ZnSe using commercially available, vacuum distilled source material obtained

from Osaka Asahi Mining Company. Again we found nominally undoped ZnSe to have a

resistivity greater than 104 ohm-cm. The enhanced purity of the resultant ZnSe

epilayers was confirmed in photoluminescence measurements where free exciton

features were more prominent, having Intensities similar to, and sometimes greater

than, bound exciton related transitions. Our observations agreed with the results of
Ohkawa et al. [K. Ohkawa, T. Mitsuyu, and 0. Yamazaki, Extended Abstracts of the 18th

Conference on Solid State Devices and Material, Tokyo, p.635, 19861 where they

obtained high resistivity (104 ohm-cm) undoped ZnSe using the purity-enhanced

source material purchased from the above commercial vendor. When intentionally

incorporating Ga into ZnSe, we have obtained carrier concentrations of up to 2 x 1017

cm "3 with room temperature mobilities of 200-400 cm 2 /V-sec. For epilayers of

ZnSe:Ga a peak mobility of 7330 cm2 /V-sec was obtained at 52K with a room

temperature carrier concentration of 8 x 1014 cm 3 .

Successful incorporation of gallium into ZnSe has been achieved and the preprint

of a paper describing the transport and optical properties of these MBE-grown layers

4



has been Included in Appendix A. This preprint represents a paper presented at the
Ninth Molecular Beam Epitaxy Workshop this August, 1988 and will appear in the
Journal of Vacuum Science and Technology.

EXCITONIC TRAPPING BY ULTRATHIN LAYERS OF ATOMIC LAYER EPITAXIAL
ZnTe WITHIN ZnSe-BASED HETEROSTRUCTURES

The difficulty in obtaining p-type ZnSe to serve as an injector of holes was the

primary motivating factor leading to the growth of ZnSe/ZnTe superlattice structures,
ZnTe Is readily doped p-type while the Zn(Se,Te) alloy can be either n- or p-type

depending on the Te fraction. There are however several potential difficulties associated
with ZnSe/ZnTe heterostructures. The band offsets predicted by the electron affinity
rule would suggest a Type II superlattice where holes and electrons are confined in

separate layers. The resultant decrease in the oscillator strength of optical transitions

could pose a problem for light emitting devices. A more serious consideration is the
large lattice constant mismatch between ZnSe and ZnTe (7.4%); however, strained-

layer superlattice structures are still possible with layer thicknesses restricted to a

few tens of angstroms. For structures containing primarily ZnSe a reasonable lattice
match to GaAs is still possible, whereas for structures containing approximately equal

amounts of ZnSe and ZnTe, the average lattice constant approaches the lattice constant of
InP. ZnSe/ZnTe superlattice structures have been grown at Purdue by a combination of

ALE and MBE. Photoluminescence studies of the MBE-grown superlattice structures

show a wide wavelength tunability as a function of the ratio of ZnSe to ZnTe layer

thicknesses; photoluminescence emission is observed from the red to the green portion

of the visible spectrum.
Specially designed ZnSe/ZnTe superlattice structures can also be viewed as a means

to circumvent the difficulties encountered in the MBE growth of the Zn(Se,Te) alloy.
Zn(Se,Te) is of particular interest due to the observation that the photoluminescence

yield of the alloy can be significantly enhanced over that of bulk ZnSe crystals and

epitaxial layers due to localization of excitons in the random alloy. The growth of the
Zn(Se,Te) mixed crystal by molecular beam epitaxy however, is complicated by a
difficulty in controlling the composition. In the work reported by Yao et al. [J

Growth 45:309 (1978)1, over the entire range of Te fraction, a Te-to-Se flux ratio of
3 to 10 was required. In our laboratory we have grown a number of Zn(Se,Te)

epilayers with varying fractions of Te; a particular difficulty was encountered when a

small fraction of Te was desired, resulting in widely varying compositions under what
appeared to be similar growth conditions. To circumvent the problems associated with
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controlling the alloy concentrations, we have designed ZnSe-based structures consisting
of ultrathin layers of ZnTe spaced by appropriate dimensions to approximate a
Zn(Se,Te) mixed crystal with low or moderate Te compostion.

As an illustration, such a "pseudo-alloy" was used to modify the ZnSe quantum well
in a ZnSe/(Zn,Mn)Se heterostructure. In these multiple quantum well structures
either one or two ZnTe sheets were placed in the center of each ZnSe well; the well
thicknesses ranged from 44 to 130 A. In an effort to optimize the interface abruptness
of the ZnTe monolayers, the ALE of ZnTe was performed on a recovered ZnSe surface
which made up, for example, the first half of a quantum well, whereas the remainder of
the structure was grown by MBE. Although the architecture of these structures was
substantially different from a bulk alloy, their optical transitions as viewed in
photoluminescence were dominated by features which were quite similar to those found
in the bulk alloy crystals at low to moderate Te composition. Figure 1 dramatically
illustrates exciton trapping at the ZnTe monolayer sheets present in the ZnSe quantum
well. For comparison purposes Figure 1(a) shows the low temperature
photoluminescence spectrum of a ZnSe/(Zn,Mn)Se MQW structure. The luminescence
was dominated by the sharp (FWHM < 5meV), bright, blue exciton recombination at the
n-i (light hole) quantum well transition. As a striking contrast to Figure 1(a) the
photoluminescence from a ZnSe/(Zn,Mn)Se MOW, which now Incorporates the ZnTe
"sheets* inserted into each quantum well, is shown in Figure 1(b). The broad
luminescence features at lower energy were the result of exciton localization at the
ZnTe/ZnSe heterointerfaces and were similar to those seen from bulk Zn(Se,Te) mixed
crystals. Figure 1(c), showing a photoluminescence excitation (PLE) spectrum,
indicates that the position of the lowest energy exciton transition has not been
significantly shifted by the presence of the ZnTe sheets. These first research results are
detailed in the Applied Physics Letters reprint included in Appendix A of this report.
Further optical and magneto-optical studies on structures containing Mn provided
conclusive evidence that the Te sites provided a trap for the hole part of the exciton,
increasing the exciton's lifetime from 200 psec to 50 nsec. Many additional ZnSe-based
heterostructures containing ultrathin sheets of ZnTe have been grown and are currently
under investigation to study the mechanism of the excitonic self-trapping.
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nFigure 1: Comparison of photoluminescence spectra at T=2K: (a) ZnSe/(ZnMn)Se multi-
ple quantum well sample, (b) a structure similar to that of (a) but with the inser-
tion of a monolayer sheet of ZnTe in the middle of the quantum well (The amplIi-
tude of emission in (a) has been reduced to bring peak to scale.), (c) the photo-
luminescence excitation spectrum of sample (b) is shown in bottom panel.
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ABSTRACT

Absolute measurements of Zn and Se fluxes employed in MBE growth of ZnSe have been per-
formed by using three different methods, the deposition of Zn or Se on cold substrates, the estimation by
a quartz crystal monitor, and the growth of ZnSe under the Zn or Se over-flux conditions. Based on the
results of the flux measurements, the flux ratio was set at unity in the growth of (1(0) ZnSe at 320'C.
Under this condition, the growth surface exhibits a (2x 1) structure, and high sticking coefficients of Zn
and Se were obtained. A model of incorporation processes of Zn and Se in MBE growth of (100) ZnSe
is proposed.

In recent years, major efforts of molecular beam epitaxy (MBE) of ZnSe are directed to the growth
of low resistivity p-type epilayers. One of the main requirements in achieving this goal is the growth of
stoichiometric epilayers which have sufficiently low concentrations of native defects for the controlled
doping. Although the condition for the growth of high quality single crystalline ZnSe has been fairly
well established to date, the condition for the growth of highly stoichiometric epilayers has not been
closely investigated. Stoichiometry of epilayers is considered to be most directly affected by the ratio of
Zn and Se fluxes among a number of growth parameters in MBE of ZnSe. In an earlier study [ 11, Yao et
al. have investigated the dependence of the growth rate of (1(X)) ZnSe on the flux ratio. Recently,
Menda et al. [21, DePuydt et al. [31, and Comelissen et al. (41 have studied surface structures of (100)
epilayers by reflection high energy electron diffraction (RHEED) for various flux ratios and growth tum-
peratures. Based on these observations, they have made surface phase diagrams in order to search for
the optimum growth condition. In the experiments mentioned above (except those by Yao et al. [1]),
beam pressures of Zn and Se fluxes were measured by means of an ionization gage, and the ratio of
beam pressures was used as a substitute for the actual flux ratio, which is defined as the ratio of numbers
of Zn and Se atoms impinging on the unit area of a substrate for the unit period of time. In general, a
beam pressure ratio determined by an ionization gauge does not coincide with a flux ratio because of
different relative sensitivities of atoms and molecules to ionization. In this case, particularly, it is
extremely difficult to relate a beam pressure ratio to a flux ratio due to the evaporation of various forms
of molecules from an elemental Se source (51.

In the present study, we have made absolute measurements of Zn and Se fluxes by employing three
different methods. The first method is the measurement of thicknesses of Zn or Se layers deposited on
cold substrates. The second method is the growth of ZnSe epilayers under Zn over-flux or Se over-flux
conditions; from the thicknesses of the epilayers, fluxes of minority elements have been estimated. The
third method is the measurement of fluxes by a quartz crystal monitor. Unlike an ionization gauge, a
quartz crystal monitor can directly read a flux by measuring weight of the material deposited on the
crystal monitor. Although each of three methods enables direct measurements of fluxes, their results
have some ambiguities such as the possibility of non-unity sticking coefficients of Zn or Se. Therefore,
the comparison of fluxes determined by different methods has been made for each deposition experi-
ment. Based on the results of the flux measurements, we have set the flux ratio at unity for the growth
of a ZnSe epilayer at 3200C. Sticking coefficients of Zn and Se and RIIEED patterns of growing sur-
faces have been investigated for this condition. Based on results of the growth experiments, a model of
incorporation processes in MBE of (100) ZnSe is proposed. For the experiments, a Perkin-Elmer model
400 MBE system has been used. Details of the procedure of the growth of ZnSe with this system are
described in earlier reports 16,71.

Zn and Se were separately deposited on (10()) GaAs substrates which were kept in contact with the
liquid nitrogen shroud. Although actual temperatures of the tih srates were not detemined. they are



believed to be low enough to yield nearly unity sticking coefficients of Zn and Se. in ordier :e enhance
the sticking, besides the cooling, surfaces of GaAs were roughened by etching with a solution, I HCI: 1
CH3COOH: I H20 2 for 2 minutes. The individual depositions of Zn and Se were carried out for 4 hours
each, with effusion cell temperatures of 305'C and 183'C, respectively. Thicknesses of layers were
measured by scanning electron microscope (SEM) observations of cross-sectional samples which were
prepared by cleavage, mechanical polishing and Ar ion milling. Four areas on smooth substrate sur-
faces were chosen in each sample for the measurement of layer thicknesses. The SEM images show
dense and fairly uniform layers in all observed areas. Densities of layers are assumed to be the same as
those of bulk Zn and Se crystals. Table I lists Zn and Se fluxes estimated by this method. Errors of the
values correspond to variations of layer thicknesses among four areas.

Before and after the deposition of Zn and Se on cold GaAs substrates, each flux was measured by a
quartz crystal monitor. The crystal monitor was positioned close to the substrates position and kept at
room temperature by water cooling. Flux reading changed from the start of the deposition to the end of
the deposition by 5 to 10%. The average values of initial and final reading were used for the estimation
of fluxes impinging on the substrates. Effects of the difference in position between the substrates and
the monitor with respect to the Zn or Se effusion cells were corrected by utilizing the equation for the
free molecular flow of a gas from an orifice under the condition of Langmuir evaporation [81. Results of
the estimation are listed in Table I.

The method which employs the crystal monitor has two possible sources of underestimation of a flux
impinging on the substrate. The first source is the significant deviation of the angular distribution of the
flux from those of Langmuir evaporation,,which may be caused by a large drop of the charge level of a
source material from the level of the cell opening. The substrates were positioned on the center lines of
both Zn and Se effusion cells, while angles between lines connecting the crystal monitor to the Zn and
Se effusion cells and their center lines were 12.0' and 13.2", respectively. In order to minimize errors
caused by this effect, these experiments were performed with nearly identical charge levels of source
materials which were kept close to the level of the cell openings by recharging the source materials in
the effusion cells before experiments. The second source of underestimation is the possibility of non-
unity sticking of Zn or Se on the crystal monitor. It is seen from Table I that fluxes estimated by the
crystal monitor are close to those estimated by the method of deposition on cold substrates. Their
differences are less than 8%. The close agreement suggests that neither effects explained above are
significant under the condition employed in these experiments.

ZnSe epilayers were grown under conditions of either Zn over-flux or Se over-flux. The growth
temperature was 3200C, and (100) GaAs crystals were used as substrates. Under the over-flux condi-
tion, that is, the flux of one element is far greater (- 10: 1) than that of the other element, atoms and
molecules of the minority element are expected to be incorporated into the growing crystal with a nearly
unity sticking coefficient. From the thickness of the ZnSe epilayer, therefore, one can estimate an abso-
lute value of a flux of the minority element. The ZnSe epilayer was etched off to create a step in the
epilayer by selective etching. By using a 100 Tencor surface profile-meter, the thickness of the epilayer
was measured at several different locations along the step. Flux values estimated by this method are
listed in Table 2, along with those estimated from reading of the quartz crystal monitor. As seen in
Table 2, fluxes estimated by the two methods are close to each other, with differences of less than 8%.
The agreement between these results suggests that reliable value of flux can be determined by using the
quartz crystal monitor.

A ZnSe epilayer was grown at 320'C on (100) GaAs substrate with Se to Zn flux ratios of 1.0. The
charge level of source materials in effusion cells were kegt close to the cell opening for this growth.
Temperatures of Zn and Se effusion cells were set at 300 C and 182C, respectively. Fluxes impinging
on substrates were estimated by using the quartz crystal monitor, corrected for the actual position of the
crystal monitor, as described above. The growth rate of the epilayer was estimated from the thickness
of the epilayer which was measured by the surface profile meter with selective etching. Zn and Se
fluxes employed in the growth were (3.0 ± 0. 1) x 1014 atoms/cm 2 sec, and the growth rate was estimated
as 0.85 t_ 0.04 Atsec. These values yield fairly high sticking coefficients for Zn and Se, 0.64 ± 0.04.
These sticking coefficients are greater than the values expected from the kinetic model which was
employed in earlier studies of MBE growth of zinc chalcogenides [ 1,9,101. In the kinetic model, it is
assumed that sticking probabilities of Zn on a Se covered surface and Se on a Zn covered surface are
unity, while those of Zn on a Zn covered surface and Se on a Se covered surface are assumed to be zero.
Stickinq coefficients of Zn and Se which were calculated based on the model are 0.5 for the flix ranio of



1.0. The differences between experimental and calculated values are greater than the errors of the "neas-
urements. Therefore, this result suggests that a portion of Zn arriving at Zn covered surfaces, or a por-
tion of Se arriving at Se covered surfaces are incorporated into the growing crystal through surface
migration. In an earlier study of MBE growth of (100) ZnSe. Yao et al. ( I I estimated sticking
coefficients of Zn and Se for the growth temperature of 350°C by using a quartz crystal monitor; their
results agreed with the kinetic model, unlike the present case.

RHEED patterns in the [0101, [0011, [011 and [OTI I directions were observed during the growth of
the epilayer. Observed RHEED patterns have shown the presence of a (2x I) structure. Fig. I are the
[0111 and [0101 patterns taken from the epilayer. The [0111 pattern shows distinct half order reflections,
while no fractional order reflection is seen in the 10101 pattern. The (100) surface of ZnSe is known to
exhibit either a (2x 1) structure or a c(2x2) structure during the MBE or atomic layer epitaxy (ALE)
growth 12,3,4,111. The former forms under the Se over-flux condition, while the latter appears under the
Zn over-flux condition. RHEED observations made recently by other groups [2,3,41 show the presence
of the c(2x2) structure on the (100) ZnSe surface with the beam pressure ratio of 1.0 at growth tempera-
tures close to 320'C. From the observations of the epilayer, however, we did not find the c(2x2) struc-
ture during the growth. Only the (2x1) structure was seen in RIIEED patterns. We have grown a
number of (100) ZnSe epilayers at 320C under similar conditions of flux ratios. In all these growth
experiments, only the (2xl) structure has been observed during the growth of epilayers.

The following model can be suggested for incorporation processes of MBE growth of (100) ZnSe
based on the observations made in this study. If we assume that the (2x 1) structure occurs only on Se
covered surfaces and that the c(2x2) structure is characteristic to Zn covered surfaces, our RHEED
observations can be interpreted as follows. The majority of the growing surface is covered by Se when
the flux ratio close to unity is employed in the growth. With this interpretation, one can explain high
sticking coefficients of Zn and Se by the following incorporation processes. Zn atoms arriving at Se
covered surfaces and Se atoms or molecules arriving at Zn covered surfaces are incorporated into the
crystal with nearly unity sticking probabilities. In addition, appreciable portions of Se atoms or
molecules arriving at a Se covered surface are also incorporated into the crystal through fast surface
migration, which yields high sticking coefficients of Se as well as a large area of Se covered surfaces
throughout the growth. The high sticking coefficient of Zn results simply from the large area of Se
covered surfaces.

In order to examine the incorporation processes, Monte Carlo simulations of MBE growth of (100)
ZnSe under the condition of the unity flux ratio have been performed. The basic framework of the
simulation model is explained in an earlier paper [12]. Growth parameters such as flux and substrate
temperature are set at experimental values. The fast surface migration of weakly bonded Se is included
in the model by giving certain probabilities to Se atoms on Se covered surface to reach areas of Zn
covered surfaces. With the inclusion of this process, simulations yield sticking coefficients close to 0.64
for both Zn and Se. Fig. 2 shows the coverage profiles of Zn and Se layers as a function of growth time.
The spacings between Zn and Se coverage profiles along the axis of growth time directly corresponds to
time periods during which Zn or Se covered surfaces are exposed to vacuum. From the figure, it is seen
that the growth front of the crystal is covered by Se for about 60% of the growth period. Therefore, the
results of simulation can explain the dominance of the (2x I) structure in observed RHEED patterns.
Details of these simulations will be presented in a separate report.

The authors would like to thank Y. E. him for his contribution to this work. The work was sup-
ported by a Air Force Office of Scientific Research grant No. 85-0185 and a Defense Advanced Research
Project Agency/Office of Naval Research, University Research Initiative Program N00014-86-K0760.
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Table 1. Zn and Se fluxes estimated by the methods of the deposition on cold substrates and of a quartz
crystal monitor.

methods fluxes (atoms/cm 2sec)
Zn Se

cold substrates (3.9 +_0.2) x 1014 (2.6 ±0. 1) x 11

crystal monitor 4.0 x 1014 2.8 x 1014

Table 2. Zn and Se fluxes estimated by the methods of the over-flux growth and of a quartz crystal
monitor.

methods fluxes (atoms/cm 2 sec)
Zn Se

over-flux growth (9.5 +_ 0.4? x i10" (8.9 ± 0.2)x 10'"
crystal monitor 1.02 x 104 9.2 x 11
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Abstract

Epitaxial undoped and Ga-doped ZnSe have been grown on (100) GaAs sub-

strates by molecular beam epitaxy(MBE). The optical and electrical properties

of these films have been characterized using standard photoluminescence, deep

level transient spectroscopy, and transport techniques. For a Zn-to-Se flux

ratio of one, the undoped samples exhibit high resistivities; their photo-

luminescence spectra show a dominant free exciton band edge emission. Under

the same growth conditions, low resistivity Ga-doped samples have been pro-

duced. The photoluminescence spectra for the doped samples are dominated

by bound exciton emission related to the Ga donors ( 12 at 2.795 eV). The

deep level transient spectroscopy studies show two prominent defect levels at

energies of 0.26eV and 0.34 eV below the conduction band. Electron transport

measurements show that a lightly doped sample having a room temperature

carrier concentration of 8.0xl0 14cm - 3 exhibits a peak mobility of 7900cm2 /V.s

at 50 K. A higher level of Ga dopant (n=1.5x10 17 cm- 3 at room temperature)

produces samples with an impurity-band type of conduction at low tempera-

tures.
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I. Introduction

ZnSe, a 1l-I' semiconductor with a direct bandgap of 2.67 eV (T=300K),

is an important material for light-emitting devices. Recent growth of pseu-

d-mr'irphic ZnSe on MBE-grown GaAs 11,2] indicates a low interfacial state

density can be obtained [31 and suggests that ZnSe is a potentially important

candidate for passivation of GaAs devices. In order to satisfy the demands of

heterostructure devices, it is essential to have the ability to grow low resis-

tivity ZnSe layers with controlled carrier density and carrier mobility. The

growth of thin film ZnSe using MBE techniques offers the possibility of pro-

ducing high quality material that can be doped in a controlled way. As the

quality of source material has improved and the optimal growth conditions

have been established, ZnSe can be added to the increasing list of materials

that can be successfully grown and doped in an MBE environment.

In this paper we describe the growth and characterization of a number of

ZnSe films that have been grown with these goals in mind. We use standard

photoluminescence (PL), deep level transient spectroscopy (DLTS), and elec-

tronic transport techniques to characterize the optical and electrical properties

of the films.

II Growth of epitaxial layers

The ZnSe epilayers were grown in a Perkin-Elmer model 430 MBE system

using elemental sources with a Zn-to-Se flux ratio adjusted to unity (a quartz

crystal monitor placed near the sample position measured the flux). All sam-

ples were grown at 320 C on semi-insulating (S..) GaAs(100) substrates.

Observation of the reflection high-energy electron diffraction patterns at vari-

ous azimuthal angles indicates the growing surface is Se-stabilized. The growth

rate is typically 1.2 A /s. The source material is zone refined Zn and vacuum

p I m i .
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distilled Se supplied by Osaka Asahi Metals.

III. Photoluminescence Result

The PL spectra were measured using a He-Cd laser operating at a

wavelength of 3250 A, a 0.75m SPEX monochromator, and a Hamamatsu

GaAs photomultiplier. The excitation power incident on the samples was

always below 100 mW/cm 2. Fig.(1) shows a typical PL spectra of undoped

high resistivity ZnSe at T=8 K for two samples with very different thicknesses.

The distinctive features in both spectra are the presence of dominant free exci-

tons. The PL spectrum for a thin pseudomorphic ZnSe film grown on a GaAs

epilayer (thickness =1000 A) is shown in Fig. Ia. The free exciton emission

peak is split into two peaks at 2.8064 eV and 2.8178 eV. The splitting of the

free exciton and the shift to higher energy is a direct consequence of the

compressive strain in the pseudomorphic ZnSe epilayer.[1l The compressive

strain results from the lattice constant of ZnSe which is .25% larger than that

of GaAs The feature at 2.7997 eV is associated with excitons bound to neutral

donors. Fig. lb shows PL spectra of a 2 um thick ZnSe epilayer grown on a

S. GaAs substrate. Several features have been resolved in the band edge

emission of this epilayer. The spectra is dominated by a free exciton line at

2.8000 eV and, with more spectral resolution, a feature at 2 8026 eV is also

observed, the emission lines at 2.7966 eV and 2.7952 eV are associated with

the donor bound excitons and the weak emission at 2.7909 eV (I) is related to

an exciton bound to neutral acceptors. The origin of the emission line at

2.7952 eV has been subject to controversy [4,9]. Dean et al. [3] argued that

this line is a lower energy strain-split component of the 12 line associated with

the Ga donor. Another argument [5,61 is that the line has strong correlation

with the stoichiometry and is related to exciton bound to native donors (I). A
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recent model 19] based on tensile strain resulting from a difference in thermal

expahiion between ZnSe and GaAs suggests that features in the band edge

emission will be split by the same amount. From this model it follows that the

peaks at 2.7966eV and 2 7952eV are the strain-split components of the 12 emis-

sion line. It also follows that the two features at 2.8000 eV and 2.8026 eV are

due to a strain splitting of the free exciton line. However, the 2.6 meV split-

ting found for the free exciton splitting does not agree with the 1.4 meV split-

ting found for the 12 emission feature. This indicates that polariton effects

might play a role in splitting the free exciton feature.

In addition and in contrast to Fig. la, the band edge emission in Fig. lb

is shifted to lower energy with respect to the emission lines in pseudomorphic

ZnSe or their corresponding lines in ZnSe bulk samples. This shift to lower

energy for a thick ZnSe epilayer has been observed by other investigators

14,9,10) and can be understood if one assumes that the ZnSe epilayer is under

slight biaxial tension originating from a difference in the thermal expansion

coefficient between the ZnSe film and the GaAs substrate.

A significant difference between our results and other studies is the pres-

ence of a dominant free exciton rather than the bound exciton in band edge

emission. This feature is related to the lower level of impurities now available

in source materials. As the amount of impurity or dopant increases, the free

exciton feature decreases and the bound exciton becomes the dominant feature

in the band edge emission. Indeed this was observed for our Ga-doped sam-

pies.

For the case of Ga-doped ZnSe, we have selected three representative

samples with different amounts of dopant level. The thicknesses of these sam-

pies are 2.55 pm, 2.7 0um, and 4.35 pm for samples A, B, and C respectively.
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Fig. 2 shows a typical PL spectra from these samples. The presence of sharp

and strong excitonic emission and weak emission from donor-acceptor pairs

and defect bands (Cu green, SA center) indicate that we have grown good

quality Ga-doped ZnSe epilayers. Fig. 3 shows detailed PL spectra in the exci-

tonic region for these samples. The excitonic lines and their energy positions

are similar to those observed for the undoped sample in Fig. lb. The only

significant difference is that the dominant feature in the spectra of the Ga-

doped samples is now located at 2.795 eV and is associated with a bound exci-

ton line in a thick ZnSe epilayer. It is also clear that a the amount of dopant

level increases, the full width at half maximum(FWHM) of the emission line

at 2.795 el becomes larger. Thus it can be concluded that the emission line at

2.795 e\' is directly related to the presence of Ga donors in ZnSe epilayers.

Also it has been reported that for 4.6 /um ZnSe grown on GaAs, the tensile

strain as measured by x-ray and TEM was .04%, yielding a 2 meV splitting

between the two valence bands [9]. Fig. 3 clearly shows that the two bound

exciton lines for our Ga-doped samples are 2 meV apart. Therefore, it can be

concluded that the peaks at 2.795 eV and 2.797 ev are the strain-split com-

ponents of 12 line. This interpretation eliminates the possibility of assigning

the emission line at 2.795 eV to the native donor (I).

IV. Deep Level Transient Spectroscopy

The deep level defects in the AI/ZnSe Schottky diodes were investigated

using conventional thermally-scanned deep level transient spectroscopy.

Because of the semi-insulating GaAs substrate, a modified dual-Schottky ring-

dot structure was used to probe the Ga-doped ZnSe films. DLTS thermal scans

were made in the temperature range from 80K to 430K. Sample DLTS data
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obtained from the three films of interest are shown in Fig. 4.

As is evident from this figure, each of the three samples exhibit the pres-

ence of multiple trap levels. While sample B shows three distinct peaks around

140K, 180K, and 320K, samples A and C clearly display four peaks. An addi-

tional peak appears around 280K in sample C and near 250K in sample it.

The deep level parameters are obtained from an Arrhenius plot of emission

rate versus temperature. The activation energies and capture cross-sections

deduced from the Arrhenius plots, and the trap concentrations calculated from

measured DLTS peak heights for the three samples, are tabulated in Table I.

Trap PI with an activation energy of 0.26eV appears in all three samples and

its concentration is a supera-linear function of the doping concentrations. Trap

P2 appears in all three samples in small concentrations and is essentially

independent of doping.

Previous investigations of ZnSe (both doped and nominally undoped)

detected the presence of a trap at 0.34 eV with a capture cross section between

10- " and 10- 14cm.s02 . A number of investigators have attributed the presence

of this trap to Se vacancies 111,12,13). We likewise detected the presence of a

trap with an activation energy of 0.34 eV below the conduction band edge and

with a similar capture cross section. The strong dependence of the trap con-

centration PI on doping lends additional credence to the possibility that this

trap is associated with the Ga dopant; Myles and Sankey [14] have predicted a

deep level in ZnSe due to gallium-on-zinc-site complexed with a Se vacancy

(Gaz.,Vs.) at an activation energy of approximately 0.28 eV.

In addition to the traps PI and P2, common to all three samples, sample

A shows the presence of large concentrations of traps P3 and P7 which are

abse1 in samples B and C. Moreover, the sample A trap concentrations are
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more than an order of magnitude larger than the trap concenterations in sam-

ples B'and C. The origin of these traps is not known, though it is possible that

the traps are related to impurities incorporated into the ZnSe films along with

the Ga dopant.

V. Transport results

For transport measurements, ohmic contacts were made using a Hg-In

alloy followed by a 290 C anneal in forming gas for 3 to 4 minutes. All con-

tacts remain ohmic even at low temperatures. The temperature dependence of

the Hall effect and resistivity were measured in a Van der Pauw configuration

using a Model 1808 Keithley Hall package.

An attempt to measure the resistivity of undoped samples failed and indi-

cations are that the sample resistivity was high (p> 105s1-cm). Thus, due to

shunting of the sample by the substrate, more precise results could not be

obtained.

For Ga-doped samples the resistivity, mobility, carrier concentration, and

Hall coefficient have been measured as a function of temperature. Fig. (5)

shows a sernilog plot of the resistivity versus inverse temperature. The initial

reduction in resistivity with decreasing temperature is due to a reduction in

phonon scattering. Further reduction in temperature leads to a gradual freez-

ing out of donor electrons which results in an increase in the resistivity. The

slope of logWp vs. 1/T in this freeze out region gives an activation energy e1

which is close to the ionization energy for an isolated Ga donor [151. The

values of el for samples A, B, and C extracted from Fig. 5 are 15.5±1 meV,

26.5±1 meV, and 27.0±1 meV respectively.
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The temperature dependence of the carrier concentration in these materi-

als enables one to estimate the number of donors (ND) and acceptors (NA) as

well as the ionization energy (ED) for the conduction electrons. Fig. 6 shows

the carrier concentration (n) as function of temperature for the three Ga-

doped samples. The carrier concentrations were calculated from the measured

Hall coefficient RH and the Hall factor r assumed equal to unity. In order to

analyze the data the well-known formula for non-degenerate statistics was

used [161:

n(n+NA)
-(NNA) -N/ g exp(-ED/kT) (1)(ND-NA-n)

In Eq. I Nc is the density of states in the conduction band and is given by

2(27rmkTh- 2 )' . The electron effective mass of m*=.17m0 and the degeneracy

factor g=2 were also used. The solid lines through the experimental points

represent the best fit of Eq. I to the data. The parameters used in obtaining

the fit for both samples B and C are given in the figure caption. This standard

form of analysis is found to be inappropriate for sample A, which contains a

higher level of Ga dopant.

The temperature dependence of the electron mobility also provides useful

information about the scattering mechanism in these materials. Fig. 7 shows

the temperature dependence of the Hall mobility for these Ga-doped samples.

The room temperature mobilities of these samples are around 400 cm2 /V.s

which is close to the calculated value for polar optical phonon scattering ( 550

cm 2/V.s). As the temperature decreases the mobility for both samples B and

C increases, reaching a maximum value around 50 K. As the temperature

further decreases the mobility decreases due to ionized impurity scattering.

The peak mobility of 7900 cm 2 /V.s at 50 K was obtained for sample C; this is



the highest value reported for an intentionally doped ZnSe film.

It is important to notice that the temperature dependence of the resis-

tivity, carrier concentration, and mobility of sample A is quite different than

the other samples studied. In particular, at low temperature these differences

become more pronounced. For example, at liquid helium temperatures, the

mobility of this sample is very low (around 1 cm2 /V.s) and a plot of logp vs.

I /T shows an additional activation energy of about 2 meV. The temperature

dependence of the Hall coefficient for this sample exhibits a sharp peak at T=

38 K These observations may indicate a change in conduction mechanism

from free carriers to impurity-band conduction for this sample.

V. Summary

Epitaxial layers of undoped and Ga-doped ZnSe have been grown on

(100) GaAs substrates by molecular beam epitaxy. The observed PL spectra of

undoped pseudomorphic and thick ZnSe epilayers indicate that the dominant

feature in the band edge emission is related to free excitons. In contrast to the

results of investigators using source material of lesser purity, the resistivityof

the undoped sample is very high for Jzn/JscA1. This indicates that our ele-

mental source materials and MBE system introduce low levels of impurities, a

factor which is essential for the doping process to be successful in this

material.

The PL spectra of Ga doped samples has a dominant feature at 2.795 eV

(1 ). The FWHM of this feature increases as the amount of Ga dopant

increases. From the comparison of PL spectra for undoped and Ga-doped sam-

pies, it was concluded that the 2.795 eV line is the strain split component of

the 12 line and not that of a native donor. The DLTS measurements show two

I



prominent defect levels. The deep level at 0,26 eV below the conduction band

is tentltively identified as a (Gazn,Vs.) dopant site complex and the trap with

an activation energy of 0.34 eV is attributed to native defects arising from Se

vacancies in the ZnSe films. The resistivity and the Hall effect were also meas-

ured and a peak mobility of 7900 cm 2 /V.s was obtained. The sample with a

high level of Ga dopant behaves differently and impurity-band conduction

may take place at low temperatures.
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Figure Captions

Figure 1: The low temperature band edge photoluminescence of undoped ZnSe

epilayers with different thicknesses is dominated by free exciton emission.

Figure 2: The low temperature photo)uminescence of Ga-doped ZnSe films.

The room temperature carrier concentration for the three samples are (A)

I.5x10 17cm -3 , (B) 5.2x10 1Scm- 3 , and (C) 8.Oxl014cm- 3. R is the ratio of band

edge emission intensity to the defect band intensity.(The spurious feature at

650nm is due to the incident laser line).

Figure 3: The low temperature band edge photoluminescence of three Ga-

doped ZnSe epilayers. The room temperature carrier concentration for the

three samples are (A) 1.5x0 7cm -3 , (B) 5.2xl0 1Scm - 3 , and (C) 8.Ox10 14cm - .

Figure 4: The DLTS spectra of three different Ga-doped ZnSe epilayers. The

activation energies, capture cross sections and trap concentrations for each

trap are listed in Table 1.

Figure 5: The temperature dependence of the resistivity for three different lev-

els of Ga doping in ZnSe epilayers. The activation energy of the Ga dopant in

each sample is (A) 15.5±1 meV, (B) 26.5±1 meV, and (C) 27.0±1.

Figure 6: The temperature dependence of the carrier concentration for three

different levels of Ga doping in ZnSe epilayers. The solid line is a result of

least squares fitting to Eq. 1 given in the text. The fitting parameters are (B):

ND = 8.3x1015cm - 3,  NA = 5.OxlO1Scm - 3,  ED = 20meV; (C):

ND = 2.1x10 1 cm- 3 , NA = 1.4xl0 1Scm- 3 , ED = 22meV.

Figure 7: The temperature dependence of the mobility for three different levels

of Ga doping in ZnSe epilayers. The peak mobility found in this study is

7900cm 2 /V.s at 50K. The room temperature carrier concentration for the

three samples are (A) 1.5x10 17 crn- 3 , (B) 5.2xl0'cm-3 , and (C) 8.Ox1014cm - 3.
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Table 1: The activation energy, capture cross section and trap concentration

for the deep level traps found. in three different Ga doped ZnSe epilayers.
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Trap P I

A E (ov) (In (cms2 ) Trap Conc~cmg 3 )

Sample A 3 x 3.4 x 1017

Sample B 0.26 ± 0.02 6 x 10 1 4 1.9 x 1015

Sample C I x 10 13 5.9 x 11 2

Trap P2

Sample A 8.8 x 10 4 *st

Sample B 0.34 t 0.04 3 x 10' 1 3  1.5 x 10
1 3 ost

Sample C 3 x 10'1 5  1.5 x 1013

Trap P3

Sample A 0.48 1 x 10" 3  3.6 x 101 6

Trap P4

Sample C 0.47 6 x 10 1 5  3.6 x 101 3

Trap P5

Sample B 6x 10" 1 6  4.8 x 1014

0.53 1 0.05

Sample C 2 x 10' 14 4.1 x 101 3

Trap P7

Sample A 0.67 9 x 10 1 5  2.3 x 1016

est : indicates estimated values
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ZnSe-based structures have been fabricated, consisting of monolayers of ZnTe grown by
atomic layer epitaxy spaced by appropriate dimensions to approximate a Zn(Se,Te) mixed
crystal; this method has been used to overcome the difficulties encountered in the molecular
beam epitaxy (MBE) of the alloy with a low Te concentration. Reported work has shown that
blue-blue/green luminescence, originating from exciton self-trapping at Te sites in Zn(Se,Te)
bulk crystal alloys, is significantly more intense than the light emitted from ZnSe.
Luminescence originating from ZnTe-containing ZnSe/ZnTe superlattice and ZnSe/
(Zn,Mn)Se multiple quantum well structures was used to illustrate how the presence of ZnTe
acts to trap excitons. Optical signatures of the MBE-grown structures were similar to those of
the random alloy, indicating that the exciton self-trapping mechanism is important to the
interpretation of recombination processes in structures containing ZnSe/ZnTe
heterointerfaces.

Epitaxial layers, superlattices, and multiple quantum ZnSe/Znos Mno, Se heterostructure. In such multiple quan-
well structures involving wide band-gap semiconductors tum well (MQW) structures either one or two ZnTe sheets
such as ZnSe and ZnTe are of current interest for optical were placed in the center of each ZnSe well; the wells had
device applications in the blue and blue-green regions of the thicknesses ranging from 44 to 130 A. The lattice mismatch
spectrum. Alloying ZnSe with Te to form Zn(Se,Te) per- between bulk ZnSe and ZnTe is approximately 7.4%; in
mits adjustment of the lattice constant, and a lowering of the these circumstances the ZnTe sheets are likely to accommo-
band gap (roughly from 2.8 to 2.4 eV), and provides oppor- date most of the strain. Although the architecture of these
tunities for amphoteric doping. Of particular interest is the structures was substantially different from each other as well
observation that the photoluminescence yield of Zn(Se,Te) as from a bulk alloy, their optical signatures (photolumines-
can be significantly enhanced over that of bulk ZnSe crys- cence) were dominated by similar features which were also
tals"'2 and epitaxial layers above liquid-helium temperatures found in the bulk alloy crystals at low to moderate Te com-
due to localization of excitons in the random alloy. In this position. We show below, by using one of our novel struc-
letter we describe the fabrication and selected optical prop- tures as an illustration, how the dominant luminescence ori-
erties of a new approach to provide versatile ZnSe-ZnTe mi- ginates from highly efficient capture of excitons at the
crostructures which combine benefits of both a superlattice ZnSe-ZnTe heterointerfaces, a process which is most prob-
and a bulk alloy, ably intrinsic to the quasi-two-dimensional pseudo-alloys as

The growth of the Zn (SeTe) mixed crystal by molecu- well as the mixed crystal bulk case studied earlier.2

lar beam epitaxy is complicated by a difficulty in controlling The structures described above were fabricated by a
the composition. In the work reported by Yao et al.,' over combination of molecular beam epitaxy (MBE) and atomic
the entire range of Te fraction, a three to ten overpressure of layer epitaxy (ALE) techniques using a Perkin-Elmer mod-
Te was required. In our laboratory we have grown a number el 430 MBE system. GaAs (100) substrates were used and
of Zn (Se,Te) epilayers with varying fractions of Te; a partic- were chemically prepared in the conventional manner.4

ular difficulty was encountered when a small fraction of Te During the growth of the ZnSe material, the fluxes of Zn and
was desired ( < 10%), resulting in widely varying composi- Se were set to be equal as measured by a quartz crystal moni-
tions under what appeared to be similar growth conditions. tor and the substrate temperature was maintained at 320 C.
To circumvent the problems associated with controlling the Following the deposition of a l-2-/sm-thick ZnSe buffer lay-
alloy concentrations, we have designed ZnSe-based struc- er, a multiple quantum well [with (Zn,Mn)Se barrier lay-
tures consisting of ultrathin layers (or "sheets") of ZnTe ers I or a superlattice of ZnSe/ZnTe was grown by the MBE
spaced by appropriate dimensions to approximate a growth technique but interrupted for the ALE growth of the
Zn (Se,Te) mixed crystal with low or moderate Te composi- ZnTe monolayer sheets. In an effort to optimize the interface
tion. In one case, such a "pseudo-alloy" was grown as an abruptness of the ZnTe monolayer, the ALE of ZnTe was
epilayer consisting of a 100-period superlattice with each performed on a recovered ZnSe surface which made up, for
period containing one monolayer of ZnTe ( - 3 A) separat- example, the first half of a quantum well. The ALE growth
ed by 100 A of ZnSe. In a second prototype structure, the involved the following sequence of shutter operation (which
pseudo-alloy was used to modify the ZnSe quantum well in a included appropriate desorption times after each depo-
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sition): (1) Zn, (2) Te, (3) Zn, and (4) Se. The second half sitions, the latter of which can be very effectively excited in
of each quantum well was continued by MBE of ZnSe. Re- (Zn,Mn)Se bulk epitaxial material. As a striking contrast to
flection high-energy electron diffraction (RHEED) was Fig. 1 (a), the photoluminescence from a ZnSe/(Zn,Mn )Se
used to monitor the surface structure during growth. After MQW which now incorporates the ZnTe sheets inserted into
recovery of each Zn, Te, or Se surface we observed the ex- each quantum well is shown in Fig. 1 (b). For this structure
pected Zn-stabilized, Te-stabilized, or Se-stabilized recon- the ZnSe well width was approximately 44 A as measured by
structed surface, respectively, in agreement with the obser- TEM. The luminescence in this instance exhibits two broad
vations reported by Yao and Toshihiko.5  emission bands with half-widths on the order of 50 and 100

The pseudo-alloy structures have been examined by meV with peak positions approximately 100 and 300 meV
cross-sectional transmission electron microscopy (TEM). below the band-edge region, respectively. In the following
Clear images of ultrathin ZnTe sheets were observed in dark we denote the two bands as S, and S., respectively, following
field images of the (200) reflection. These ultrathin sheets the notation of Ref. 2. The high-energy edge of band S,
appeared as narrow bright lines with widths of about 5 A in shows additional modulation; this is due to phonon side-
the dark field images, indicating the existence of continuous bands of excitons bound to impurities in the ZnSe well and/
ZnTe monolayers in ZnSe crystals. Although Xe ions were or buffer layer. [The raw data also included Fabry-Perot
used for the final thinning of cross-sectional samples, super- oscillations in our thin-film samples which for clarity have
lattice areas have suffered some damage. Because of the been mathematically averaged out in Fig. I (b). I The spec-
damage and the lower resolution of the dark field imaging trally integrated luminescence yield at T = 2 K for both
technique, details of ZnSe-ZnTe hererointerfaces could not quantum well samples in Fig. I was comparable; however,
be seen in the images. However, the TEM observation has that for the sample without ZnTe sheets decreased precipi-
clearly shown that ZnTe sheets have formed coherent inter- tously with increasing temperature. The location of the ab-
faces with ZnSe layers. sorption edge in this quantum well sample was established

Initial optical characterization of these structures has through photoluminescence excitation spectroscopy, a rel-
been made through luminescence studies. For comparison evant portion of which is shown in Fig. I (c). The spectral
purposes, Fig. I (a) shows the low-temperature photolumi- position of the distinct n = I light hole exciton resonance
nescence spectrum of a "conventional" ZnSe/(Zn,Mn)Se indicates that the addition of the ultrathin ZnTe layers does
MQW structure in the absence of any ZnTe, excited by a not significantly shift the position of this lowest energy tran-
low-power continuous-wave dye laser. The sample had a sition; this is readily verified by comparing the excitation
ZnSe well thickness of 65 A with a Mn concentration in the spectra of the sample without ZnTe.' While band offset in-
barrier of x = 0.23. The luminescence is dominated by the formation about the ZnSe/ZnTe heterojunction is not yet
sharp ( < 5 meV), bright, blue exciton recombination at the available, electron affinity data suggest that the ZnTe layer
n = I (light hole) quantum well transition. (A summary of would provide a narrow additional potential well in the va-
optical properties of ZnSe/(Zn,Mn)Se quantum wells can lence band of depth as much as I eV while contributing to a
be found in Ref. 4.1 The efficiency of collection of photoex- thin barrier in the conduction band of some 0.6 eV in height.
cited electron hole pairs into the ZnSe wells is demonstrated One difference between the excitation spectra of the MQW
by the dominance of the exciton recombination radiation structures with and without the ZnTe layers was the some-
over the yellow luminescence from the Mn-ion internal tran- what broader low-energy tail for the former. Spectra similar

to that in Fig. I (b) were observed for a number of samples
(a) containing sheets of ZnTe in quantum wells of ZnSe with

Zr'0 TM23 znS thicknesses ranging from 44 to 130 A. Similar spectra
(showing the S, and S 2 bands) were also observed for the
pseudo-alloy structure composed of a ZnSe/ZnTe superlat-

..... . tice with one period having monolayer sheets of ZnTe spaced
* by 100 Aof ZnSe.

We have also examined the temperature dependence
(Fig. 2) of the luminescence spectra in the pseudo-alloy

S,-structures. While the details will be described elsewhere, we
L• J.'note that for the sample of Fig. 1 (b) two distinct tempera-

z,./ ture regions were observed. Starting from a low temperature
the emission band S, is first quenched; this occurs quite pre-
cipitously in a fairly narrow temperature range of T = 70-90

23 24 25 26 27 28 29 K. Second, at temperatures beyond T= 120 K, or so, a
Photon Energy (eV strong spectral red shift is seen for the remaining S 2 lumines-

FIG. I. Comparison of photoluminescence spectra at T= 2 K of a ZnSe/ cence but with decreasing quantum efficiency. This shift is
(Zn,Mn)Se MQW sample (a), with that of a similar structure but with the much larger than a simple band-gap reduction and indicates
insertion of monolayer sheets of ZnTe in the middle of the quantum well that the partial quenching of the emission band S 2 brings yet
(b). (The amplitude of emission in (a) has been reduced to bring the peak additional lower energy band(s) into view.
to scale. I The photoluminescence excitation spectra ofsample (b) is shown
in the bottom panel (c). In both cases the yellow Mn-ion internal emission These results can be compared with recent work which
was significantly below that from the blue-green region, has shown how exciton self-trapping is a very efficient pro-
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question from the perspective of the two-dimensional
growth aspect in atomic layer epitaxy, we may ask how
much do the ZnTe layers deviate from an ideally complete

* monolayer. In this letter we cannot yet provide a quantita-
*/ tive answer; however, since the largest contribution to lumi-

a. nescence at low temperature is already by the emission band
T WK< S2 (and not S, as in a dilute bulk mixed crystal), and since

there is the additional clear emergence of lower emission
bands at temperatures above 120 K (Fig. 2), we can qualita-
tively conclude that pairs of Te isoelectronic traps as well as

T -155K more complicated clusters are more numerous than single
x 7 isolated Te lattice sites. Starting from an initially perfect

monolayer of ZnTe this implies that interdilfusion would be
2 5 2 2 very unlikely to extend over much more than a molecular

24 25 26 27 20

Pholon Energy ieV) monolayer ( .- 3 A) in our structures; otherwise, within the
resulting inhomogeneous Zn(Se,Te) interface region the

FIG. 2. Photoluminescence from the ZnSe/(ZnMn)Se MQW sample with density of single Te sites would dominate. Work is presently
ZnTe sheets shown as a function of temperature. under way to reach a more precise answer on this issue, in-

cluding the possible influence of the large lattice mismatch
cess in bulk Zn(Se,Te) alloys where it is characterized by strain in the ZnTe layers on the microscopic details of the
broad emission lines and large Stokes shifts relative to the heterointerface.
fundamental absorption edge.2 In particular, the emission In summary, we have designed and tested ZnSe quan-
bands S, and S2 have been interpreted with tapping and turn well structures which show quite dramatically the
strong accompanying local lattice relaxation about single strong exciton capture at a ZnSe/ZnTe interface where there
and double Te sites, respectively. In a bulk crystal of low Te is perhaps only a little (but yet a finite amount of) interdiffu-
concentration (x < 0.05), exciton recombination from the S, sion or related compositional disorder. The self-trapping of
band dominates at low temperature but is partially quenched excitons at Te sites is likely to dominate the recombination
at higher temperatures. This occurs as a consequence ofexci- process in Znsc/ZnTe superlattices' composed of thin
tons in traps associated with emission S, first obtaining suffi- (-monolayer) ZnTe alternated with thicker ZnSe layers.
cient thermal energy to reach over a potential barrier for Furthermore, it is expected that the self-trapping phenome-
their localization, the process being activated in a narrow non plays a role in the radiative processes of a variety of
temperature range very similar to that observed in the pres- structures containing the ZnSe/ZnTe heterointerface. At
ent case. However, the initial dominance of the S2 band at the same time, the capture process discussed here may be
low temperatures and the emergence of other red-shifted useful in enhancing the quantum efficiency in superlattices
emission features suggest a more complex trapping process at noncryogenic temperatures where defects might other-
in the ZnSe-ZnTe pseudo-alloy than encountered in the case wise limit luminescence from free or weakly bound excitons.
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