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Abstract

This thesis describes the technical development of a novel semiconductor device
design aimed at realizing short wavelength visible light emitters. The device struc-
ture, called the graded injector, achieves minority carrier injection in a hetero-
junction system with unfavorable type-II band alignment. Band edge engineering
with an alloy graded intermediary layer effectively reduces the conduction band
offset and allows for efficient minority carrier injection. The basic device structure
consists of a n-CdSe/Mg,Cd;.,Se/p-ZnTe heterojunction, where the Mg,Cd;_,Se
region is graded.

The device design, materials growth, and characterization of II-VI green LEDs
based on this structure are presented. Simulations demonstrate the operating prin-
ciple of the graded injector. Early device development had been hindered by the
lack of a p-type dopant for MBE ZnTe and the unavailability of high quality sub-
strates. These restrictions have been overcome with the development of efficient
nitrogen p-type doping of ZnTe and the growth capability of high quality heteroepi-
taxy on GaSb substrates. The materials characterization of the Mg-chalcogenides
has enabled more accurate band edge engineering necessary for an operating device.

The advances in growth technology and materials characterization have been
incorporated to grow and fabricate working graded injector LEDs. The operating
characteristics of these devices unequivocally demonstrate the diode-like operation
and efficient minority carrier injection. The electrical and optical performance of

these devices will be presented and analyzed.
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Chapter 1

Introduction

This thesis describes major advances in the development of a novel device design
proposed for wide band gap semiconductor visible light emitters. The standard
approach to wide band gap semiconductors has traditionally focused on addressing
the doping constraints which have plagued these materials. The long standing in-
ability to dope the wide band gap semiconductors both n and p-type in the same
material had frustrated the fabrication of diode structures. The device design
presented in this thesis, called the graded junction electron injector or “graded
injector” for short, offers an alternative approach to realizing diode behavior from
heterostructure wide band gap materials. This device avoids the major doping
obstacles associated with the wide band gap semiconductors. The operating prin-
ciples of this device provides a means for achieving minority carrier injection in a
heterojunction system with unfavorable band alignments.

The major contributions in this thesis have been the successful p-type doping of
ZnTe by MBE, the high quality heteroepitaxy of ZnTe on III-V (GaSb) substrates,
and the materials characterization of Mg,Cd;_,Se. The results of this materials
growth and characterization development have been successfully implemented to
realize working LEDs based on the graded injector design. The operating charac-

teristics of these devices have been dramatically improved over the first reported



working devices, and unequivocally demonstrate the diode operation of our het-
erostructure design. This first chapter offers motivation for interest in the wide
band gap materials, and discusses the relevance of our device to shorter wavelength

visible light emitters.

1.1 Motivation

The commercialization of visible light emitting devices (LEDs) began in the early
1960’s following the work of Holonyak and Bevacqua [1]. Since then the optical
performance of commercial visible LEDs has increased by over two orders of mag-
nitude (Figure 1.1). This dramatic performance gain has been achieved through
significant advancements in materials and growth technologies coupled with im-
proved device engineering. The net effect is an over $1 billion per year market
(1992 market) for visible LEDs with more than 20 billion diode chips produced
each year [2]. The visible LED market is in fact the largest segment of the com-
pound semiconductor device market comprising 37% of the overall market revenue
in 1992 [3]. By contrast, during the same year the laser diode (LD) market com-
manded only an 11% share of the compound semiconductor market with worldwide
production exceeding 49 millions units and revenues of roughly $287 million.

We expect the market and demand for visible LEDs to continue to grow. This
will result largely from the development of higher performance devices which have
enabled their introduction into new products and applications. High efficiency
LEDs are in fact the devices of choice over incandescents for most applications due
to their long lifetimes (approaching 10°® hours), sharp linewidths for spectral purity,
fast switching times, and reduced power consumption. As visible LED performance
has improved, the range of applications has grown from small indicators used in low
light leve] environments to larger displays and indicators used in outdoor sunlight
environments.

The human eye’s response to visible light depends strongly on the wavelength.
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It is most sensitive in the green region of the spectrum and less so into the red
and blue. A plot of the relative eye sensitivity is found in figure 1.3. Due to this
wavelength dependence, we need a measure other than optical power to quantify
the visual response to a generic light source. We do this by using photometric units
rather than their radiometric counterparts. Radiometric quantities deal solely with
the energy content of optical radiation. An example is the radiant flux, more com-
monly refered to as optical power, measured in units of watts. On the otherhand,
photometric units are defined to quantify the visual response produced by a light
source. The photometric analog to the radiant flux (power) is the luminous flux,
measured in lumens (Im). The luminous flux is essentially the integral of the spec-
tral radiant flux over the visible wavelengths weighted by the eye response [4].
Therefore, the lumen quantifies a visible light source by incorporating the eye’s
sensitivity to the radiation. This enables quantitative comparisons between differ-
ent light sources independent of spectral characteristics. Using photometric units,
we refer to a device’s luminous performance (Im/W), or simply performance, as
the ratio of the light output in lumens to the electrical input power in watts.

Early red LEDs had luminous performances of 0.15 Im/W and were suitable
for many indoor applications such as indicator lamps and numeric displays. Al-
though, these devices were significantly outperformed by 3.5 Im/W red-filtered in-
candescent lamps. The double-heterostructure (DH) AlGaAs/AlGaAs red diodes
developed in the late 1980’s exceeded the performance of red-filtered incandescent
lamps. This opened a large and growing market for outdoor indicator lamps such
as automotive brake lights and message panels. The advancement of AllnGaP
technology beginning in 1990 [5], with performance roughly ten times better than
existing yellow LEDs and comparable to the highest performance red DH AlGaAs
LEDs, extended the high performance of LEDs into the orange and yellow regions
of the visible spectrum. Together these devices will find growing use in areas
demanding high flux and/or low power consumption.

Much of the commercial success for visible LEDs has occurred in spite of the fact



that LEDs operating in the green and blue have not shared in the remarkable per-
formance gains of the longer wavelength yellow-red LEDs. The present commercial
green (GaP) and blue (SiC) LEDs are not suitable for more advanced applications.
They presently are restricted to small and restrictive markets. Furthermore, these
materials can not be advanced technologically to any great degree in terms of opti-
cal performance or making LDs due to their indirect band gap. The availability of
high performance blue and green LEDs comparable to the commercial yellow and
red would not only enable the use of green and blue LEDs for additional outdoor
indicators but would open entirely new markets to LEDs. A high brightness green
LED, for example, would offer a totally solid-state solution to traffic lighting. This
would lead to faster, brighter, and spectrally sharper lights demanding less energy
and maintenance. The combination of blue and green high brightness LEDs along
with red would enable the creation of full-color large-area displays. Additionally,
high-brightness LEDs can replace other light sources for non-display applications
such as in copiers and printers. Therefore there is tremendous commercial and
technological interest in developing more advanced short wavelength LEDs.

It should be noted that an equal if not greater interest exists in developing
shorter wavelength laser diodes. This results from system’s demanding shorter
wavelength LDs, such as high capacity compact discs players and high performance
color laser printers. Unit sales and revenue of shorter wavelength LDs may fall
short of comparable wavelength LEDs, but the value added to systems would
be significant and possibly greater than for short wavelength LEDs. Therefore,
shorter wavelength LDs and LEDs are of equal interest commercially. In fact, the
solutions to realizing both commercially viable LDs and LEDs will share similar
technological developments. Both, for instance, will need to address similar types

of materials, growth and device engineering issues.



1.2 Present commercial LEDs

Figure 1.2 illustrates the trends and differences in device performance (lumens/watt)
of existing commercial LEDs as a function of their emission wavelength. Viewed
another way, figure 1.3 plots the external quantum efficiencies for various commer-
cial LEDs as a function of the peak emission wavelength. Both figures highlight the
dramatically reduced performance of LEDs as the emission wavelength is reduced.
This phenomena is due to the inherently poor radiative efficiency of indirect band
gap semiconductors. Both GaP and SiC are indirect gap materials and AllnGaP
approaches an indirect gap material as the band gap increases. The drop-off in
performance of the AllnGaP with increasing band gap is expected as the direct-
indirect gap transition is approached and carriers are lost to the higher energy

indirect minima.

1.3 Development of short wavelength LEDs

The need for shorter wavelength LEDs and the inadequacies of the standard III-V
semiconductors used in visible LEDs has led to an interest in alternative wide band
gap materials. The most likely candidates have long been the wide band gap II-VI
and the III-V nitride (GaN, AIN, InN) semiconductors. These materials with their
wide band gap from the green through the blue and into the UV are most attractive
for short wavelength light emitters. However, two areas have consistently plagued
the development of light emitters based on the wide band gap materials. The
difficultly in achieving low resistivity amphoteric doping (doping both p and n-
type in the same material) required for electron and hole injection and the lack of
suitable lattice matched substrates for homoepitaxial growth have hindered these

material potentials from being realized.
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emitters and can not achieve the performance demanded of high brightness LEDs.
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1.3.1 ZnSe based devices

For decades the most popular wide band gap material for short wavelength visible
light emitters has been ZnSe, due to its large band gap in the blue, and close lattice
match to GaAs substrates. The major obstacles have been the inability to grow
p-type ZnSe. There had been many attempts to grow p-type ZnSe using various
growth and doping techniques [6]. Most approaches have been unsuccessful due to
compensation of the incorporated acceptor species, lack of solubility or the forma-
tion of deep levels. The dopant Lithium received attention following Nishizawa’s
et al. [7] reported growth of p-type ZnSe. They used the temperature difference
solution growth method, a bulk crystal growth technique, under controlled vapor
pressure to grow p-type ZnSe crystals. They also reported working p-n diodes
with blue light emission. Soon afterwards, in 1988, Cheng et al. [8] reported the
first p-type conversion of ZnSe grown by MBE using Li. Although they initially
only achieved free hole carrier concentrations of 3.6x10*cm =3, net acceptor con-
centrations as high as 8.0x10%%m™2 and resistivities as low as 2.9 Q-cm were later
reported [9], and p-n junction blue LEDs were successfully grown using Li as the
p dopant [9, 10, 11]. Unfortunately, two major obstacles limited the usefulness of
Li as a p-type dopant in ZnSe. First, the net acceptor concentration saturates at
8.0x10%cm™3, a level too low for suitable ohmic contacting, and with higher Li
incorporation compensation processes occur resulting in highly resistive ZnSe [9].
Second, Li is an unstable dopant, known to diffuse interstitially in ZnSe quite
rapidly [9, 12].

Nitrogen had also received considerable attention as a likely candidate p-type
dopant. Stutius [13] suggested that nitrogen is the most promising element for
a p-type dopant, taking into account problems with the other likely candidates
such as Li, Na, P, and As. Dean et al. [14] identified nitrogen impurities in ZnSe
resulted in the incorporation as a shallow acceptor state with an activation energy

of ~ 110 meV. Park et al. [15] demonstrated the incorporation of nitrogen accep-
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tors in ZnSe during MBE and confirmed an activation energy of ~ 110 meV. In
this work they used neutral Ny and NH; and managed to incorporate only small
concentrations of nitrogen impurities due to the low sticking coefficient and solu-
bility of the nitrogen molecular species. Mitsuyu et al. [16] apparently succeeded
in enhancing incorporation of nitrogen impurities in MBE ZnSe by employing a
low-energy ionized beam of NHj. Unfortunately, in both these experiments p-type
conduction was not observed. Although N was believed to be a suitable p-type
dopant, an appropriate method of incorporating sufficient concentrations of the
impurity during MBE remained to be discovered.

A tremendous breakthrough occurred when Park et al. [17] and Ohkawa et
al. [18] working independently discovered that by employing an RF plasma dis-
charge doping incorporation of N in ZnSe was enhanced. N incorporation up to
1.0x10%%m=23 [18] and net acceptor concentrations as large as 3.4x10cm™3 [17]
were achieved for the first time. p-n homojunction LEDs exhibiting blue lumines-
cence based on p-ZnSe:N/n-ZnSe:Cl were also reported at this time by Park [17].
The dramatic doping success was soon followed by the announcement from 3M [19]
of the first demonstrated operation of a blue-green (490nm) laser diode operating
under pulsed current injection at 77K.

In spite of the successes of N doping of ZnSe many obstacles associated with
this material system remain unsolved. The first noted problem was the satura-
tion in the maximum net acceptor concentration (N4 - Np), using N, at roughly
1x10'cm™2 [20]. These levels of doping are sufficient for low resistivity epilayers
for LEDs and LDs but are by themselves insufficient for ohmic contacts. In fact
this doping saturation problem is exacerbated as the band gap of ZnSe is increased
with the addition of Mg and S forming Mg,Zn;_,S5,5e;—,. This alloy allows for
tuning of the band gap of the layers for a given lattice constant. Okuyama et
al. [21, 22] demonstrated the use of the Mg,Zn;_,S,Se;_, alloy for electrical con-
finement and optical cladding in separate confinement heterostructure blue laser

diodes [23, 24, 25]). Unfortunately, the p-type doping of Mg,Zn;_,S,Se;_, is com-



11

plicated by a dramatic decrease in the maximum net acceptor concentration and
increase in the energy of the nitrogen acceptor level with increasing band gap [26].
Therefore laser threshold and operating voltages increase as the operating wave-
lengths decrease [27, 28].

The doping difficulties have been proposed to be fundamentally related to “self-
compensation” effects (through dopant lattice relaxation [29] or the generation of
donor-like centers during growth [30, 31, 32]) or due to acceptor solubility lim-
itations [33]. Nevertheless, considerable progress has been made in overcoming
these doping limitations by engineering novel ohmic contacting schemes. A pseu-
dograded band gap Zn(Se,Te) [34] epilayer, resonant tunneling multiquantum well
Zn'Te/ZnSe [35] epilayer, and HgSe [36] contacting layer all succeeded in reducing
contacting resistances to levels acceptable for LEDs and LDs. Subsequently, low
voltage operation (< 4 Volts) of ZnSe based blue and green LEDs [37], and low volt-
age (Vi ~ 4.4 V) room temperature operation of blue-green laser diodes [27, 28]
were demonstrated.

The continued advancement of ZnSe based light emitters has progressed to the
point where LED structures operating in the blue and green have performances
(1.6 lm/W 489nm, 17 lm/W 512nm) [40] as good as commercial red. The green
LEDs have maximum external quantum efficiencies of 5.3%. Despite these accom-
plishments, the ZnSe based devices face a major challenge relating to the issue
of stability and operating lifetime. The blue and green LEDs, while performing
orders of magnitude better than their commercial conterpart, are severly limited
in device lifetime. Improvements in bulk growth technology of ZnSe [38, 39] has
resulted in high quality ZnSe with x-ray full width at half-maximum (FWHM) of
11-16 arcsec, indicating crystal quality comparable to that of GaAs substrates. Ho-
moepitaxial devices grown on on these substrates have the best lifetimes, although
even operating under optimal conditions (J = 15 A /cm?) these LEDs’ light output
decay exponentially with a time constant of only 675 hours [40]. As for the laser

diode, the longest published continuous wave operation at room temperature is
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one hour [41].

Guha et al. [42] studied the degradation of ZnSe light emitting devices, and
showed that the degradation was related to the formation of new crystal de-
fects from the vicinity of pre-existing defects such as stacking faults and these
defects propagated throughtout the active region and enhanced nonradiative re-
combination. They further found that these stacking faults originated at the epi-
layer /substrate(GaAs) interface during the initial stages of the growth [43]. Addi-
tional studies have shown that the incorporation of nitrogen affects the structural
properties of ZnSe, with the generation of point defects accompanying N dop-
ing [44], and an increase in the formation of stacking faults [45]. The success or
failure of the ZnSe devices will largerly depend on overcoming these degradation
problems. While this may be possible to achieve through improved growth tech-
nology, it could prove to be intractable if the material stability is fundamentally

associated with the nitrogen doping.

1.3.2 Nitride based devices

The III-V nitrides (InN, GaN, AIN) have also been viewed as promising materials
for short wavelength light emitters [46], because the wurtzite polytypes of InN,
GaN, and AIN form a continuous alloy sytem whose direct band gaps range from
1.9 €V for InN, to 3.4 eV for GaN, to 6.2 eV for AIN. Additionally, these materials
possess physical hardness, large band offsets, high thermal conductivity, and high
melting temperatures [47]. The major obstacles, similar to those of ZnSe, have
been the lack of a suitable substrate material that is lattice matched and thermally
compatible with the nitrides and the difficulty in achieving p-type conductivity.
Due to the lack of a suitable substrate, it has been difficult to grow epitaxial
GaN films of high quality. For lack of an ideal substrate, most nitride material
has been grown on sapphire substrates despite a huge lattice mismatch (~13.8%)

and large difference in thermal expansion coefficients. This choice of substrate is
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attributed to its availability, hexagonal structure, ease in handling, and thermal
stability at elevated growth temperatures. Consequently, much work has been
devoted to the understanding and development of epitaxy of nitrides on lattice
mismatched substrates [48]. A major improvement in the structural quality of
GaN epilayers was accomplished by using an AIN buffer layer between the grown
GaN film and sapphire substrate in both MBE [49] and MOVPE [50] growth.
Nakamura et al., subsequently discovered that a thin buffer layer of GaN grown at
lower growth temperatures could also produce similar results.

The longstanding problem of p-type doping of GaN was frustrated by compen-
sation processes leaving only highly resistive material. Nevertheless, GaN LEDs
had been reported over 20 years ago [51], but these devices were high field, low effi-
ciency metal-insulator-semiconductor (MIS) structures. Recently however, Amano
et al. succeeded for the first time in producing p-type GaN [52] and AlGaN [53].
As grown Mg-doped GaN layers had a hole concentration p = 2x10%m™3, and
resistivity p = 320 Q-cm. By using low energy electron beam irradiation (LEEBI)
the electrical properties of the GaN were observed to change dramatically to p =
3x10¥cm™3, and resistivity p = 0.2 Q-cm. Using this technique, Amano et al.
developed the first conventional p-n junction GaN LED [52].

It was also discovered that compensated Mg-doped GaN could be converted
equally well to p-type material by thermal annealing under an N, ambient [54].
This technique was an improvement over electron irradiation since it could convert
the entire layer rather than only the irradiated regions. The compensation mech-
anism was identified as resulting from an Mg-H neutral complex formed during
growth [55). Soon afterwards, Moustakas et al. [56] reported the successful p-type
doping of GaN grown by MBE using a solid source Mg cell as the dopant. They
were able to achieved p-type material without post-growth processing due to the
absence of H in the UHV environment of MBE.

With improvements in epitaxial material and amphoteric doping capabilities,

it was not long before higher performance nitride LEDs were fabricated. Since
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GaN has a band gap in the UV, the ternary alloy InGaN was the likely candi-
date for realizing visible light emitters since its band gap varies from 1.9 to 3.4
eV depending on the In concentration. The growth of high quality InGaN films
obtained by Yoshimoto et al. [57], and the growth of Si-doped n-InGaN [58] lead
to longer wavelength p-GaN/n-InGaN/n-GaN LEDs. A dramatic improvement
in optical performance was realized with the successful Zn doping of InGaN in a
InGaN/AlGaN DH blue LED [59]. Zn doping had been used in GaN [60, 61, 62]
for strong below band gap emission. Incoporation of Zn in InGaN resulted in re-
comination emission 0.5 eV lower than the band edge emission of InGaN. This
enabled the devices to operate in the blue. Quantum efficiencies as high as 2.7%
were reported for these blue (450nm) LEDs, and they have been announced as a
commercial product. Recently, external quantum efficiencies as high as 5.4% for
blue (450nm) and 2.4% for blue-green (500nm) were reported by researchers from
Nichia [63] using the InGaN/AlGaN DH structure. The optical performance of
these LEDs and lifetimes of ten of thousands of hours make these devices com-
mercially viable. In addition to the success of the nitrides in realizing commer-
cial quality LEDs, recent reports of optically pumped near ultraviolet lasing from
single-crystal GaN [64] has given encouragement for the propects of nitride based
diode lasers in the near future.

Despite the remarkable results achieved with the nitrides in the past few years,
there are still many issues which need to be addressed for commercial success.
The present LED’s optical characteristics suffer from very broad linewidths in the
emission spectra, FWHM ~ 70nm, due to the deep Zn recombination center. This
broad emission seriously degrades the spectral purity. Ideally band to band recom-
bination would be prefered over the deep Zn center (especially for lasing). This
will require alloys with higher In concentrations. Generally, improved substrate
material, ideally GaN, must be pursued to further improved material quality and
enable the fabrication of laser diodes. Additionally, doping (primarily p-type),

and processing and ohmic contacting technologies must also be improved for laser
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development.

1.3.3 The graded injector

An alternative approach to realizing wide band gap light emitters based on the
“graded injector” is discussed in this thesis. This novel device concept offers a
unique approach to achieving minority carrier injection in a p-n heterojunction
with unfavorable band offsets. Additionally this device avoids problems with am-
photeric doping constraints and ohmic contacting by using materials which are
capable of being readily doped either p-type or n-type. In spite of the above men-
tioned successes with ZnSe and GaN, the graded injector still remains of extreme
technical interest due to its unique operation and potential application in the area

of wide band gap semiconductors.

1.4 Outline

The remainder of the thesis is arranged as follows: Chapter 2 introduces the con-
cept and basic design of the graded injector. The relevant issues necessary for a
heterojunction diode are presented and incorporated in the device structure. De-
vice simulations demonstrate the operating principle behind the graded junction.

Chapter 3 discusses the issues and details of the growth technology, molecular
beam epitaxy (MBE), used to fabricate the graded injector LED. The choice and
availability of appropriate substrates are presented. The p-type doping of ZnTe
and the epitaxial growth of high quality ZnTe on GaSb substrates are presented.

Chapter 4 reports on the major advances in the development of the graded
injector. Materials characterization and device engineering necessary for device
development are present. Characterization of the device’s material quality, electri-

cal behavior and optical performance are discussed.
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Chapter 2

The Graded Injector Light

Emitter

2.1 Introduction

An LED’s basic structure is a p-n junction diode. Figure 2.1 illustrates the band
diagram for a simple p-n homojunction. Under a forward bias close to the band gap
of the device material, minority carriers are injected into the recombination region
of the device where they can recombine and emit light [1]. Commercial devices
have been based on simple p-n homojunctions, where the p and n regions are the
same binary or alloy material. More sophisticated structures, such as single- and
double-heterostructures improve the recombination and extraction efficiencies but
they are still based on the homojunction design [2].

This standard approach to LEDs has been sufficiently successful for narrow
band gap materials, but has seen less success in the development of high efficiency
green and blue LEDs. The fundamental problem in the development of wide band
gap light emitters based on the II-VI semiconductors has been the inability of
obtaining both n- and p-type doping in the same material. To some degree this

restriction has been mitigated with the p-type doping of ZnSe by MBE [3, 4], but
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Figure 2.1: Schematic band diagrams for p-n homojunction at (a) zero bias and
(b) under a forward bias Vp,s. The dashed line indicates the Fermi level in
the unbiased diagram and the quasi-Fermi levels in the biased diagram. Under a
forward bias, electrons are injected into the p-type material and holes are injected
into the n-type material. The injected carriers then recombine with the majority

charge carriers and emit light.

there remain several challenges ahead in the development of ZnSe based LEDs
and laser diodes as previously discussed in chapter 1. An obvious yet non-trivial
solution to avoid the doping problem is to use two different materials, one easily
doped n-type and the other easily doped p-type, and form a heterojunction.

In this chapter, we examine a novel device concept based on a unique p-n
heterojunction structure. This LED design is based on the only closely lattice

matched II-VI binary compounds, namely n-CdSe and p-ZnTe. By taking advan-
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tage of the natural doping types of these materials we avoid contacting and doping
problems. An abrupt n-CdSe/p-ZnTe junction is found to be incapable of carrier
injection. Using a properly graded alloy of Mg,Cd;_,Se placed between the CdSe
and ZnTe junction we create a heterostructure capable of efficient minority car-
rier injection into the wider band gap ZnTe. Computer simulations illustrate the

operating priciple of this graded injector LED.

2.2 Heterojunction approach

The basic paradigm to form a p-n heterojunction diode is to join a p-type material
to a different n-type material. Forming a structure with these materials would by
definition contain a p-n junction. In addition to using suitably dopable materials,
there are strict constraints on lattice matching and band offsets necessary for a
realistic device. In order to maintain material quality, lattice matched materials
must be used, although small amounts of strain can be accomodated. As will be
demonstrated below, whether a heterojunction device will be able to inject carri-
ers will depend completely on the band offsets for that particular heterojunction
structure.

To design a heterostructure device we need information on materials’ band
gaps, band offsets, dopabilities and lattice parameters. McCaldin [5] introduced
a graphical technique to simultaneously present these parameters in a single dia-
gram. By displaying all the relevant materials properties, these so called McCaldin
diagrams allow one to easily choose suitable materials for a heterostructure device.
Figure 2.2 shows a McCaldin diagram for some of the common II-VI binary com-
pounds and other popular semiconductors. The band edge positions are plotted
relative to the valence band of GaAs and are from the theoretical prediction of
Harrison’s linear combination of atomic orbitals (LCAO) theory [6]. The figure
plots as a function of lattice constant the band edges of a semiconductor. The

symbol for a material’s band edge is filled/empty if the semiconductor can/cannot
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Figure 2.2: McCaldin diagram for various semiconductors. As a function of lattice

parameter, the band edges of a semiconductor are plotted relative to the valence

band of GaAs.

This plot is from the valence band edge offsets calculated by

Harrision [6]. The conduction band is indicated by a triangle and the valence band

is indicated by a square. The band gap is given by the vetical line connecting the

triangle and square. If the triangle/square is filled it indicates that the material

can be conventionally doped n-type/p-type. If the shape is empty it means the

material cannot be doped that type. Band offsets can be read from the diagram

by the energy difference between band edges.



27

be doped that conductivity type. Yu et al. [7] provide a comprehensive review on
the subject of band offsets and the salient issues associated with the theoretical
and experimental results. We rely on the obvious trends displayed by the diagrams
and make use of accepted experimental results for a given band offset to construct
a heterojunction.

The use of heterojunctions to avoid the doping trends in the II-V1is an old idea.
The most intensively investigated heterostructure among the II-VI semiconductors
has been n-ZnSe/p-ZnTe [8, 9, 10]. Unfortunately, as can be seen in the Mccaldin
diagram the extremely large 7% lattice mismatch between these materials proves to
be disastrous for LED operation. McCaldin and McGill [11] recently proposed the
n-AlSb/p-ZnTe junction as an electron injector into ZnTe based on the theoretical
band alignment of Harrison [6]. Yu et al. [12] experimentally measured the band
offset of A1Sb/ZnTe and found the theroretical values to incorrectly predict the sign
of the conduction band offset. Instead of the conduction band of AlSb lying above
ZnTe, it was measured to be 0.21 eV below. Attempts to fabricate n-AlSb/p-ZnTe
diodes by Han et al. [13] demonstrated the inability of obtaining electron injection
for this heterojunction.

We can notice various trends in doping when a larger collection of materials are
plotted using different theoretical calculations and experimental data. It seems to
hold, as suggested [14, 15], that the positions of the valence and conduction band
edges with respect to some absolute energy scale are an important factor in doping.
Generally we see, the lower the position of the valence band edge, the more difficult
the material is to be doped p-type and, similarly, the higher the conduction band
edge, the more difficult it is to be dope n-type [5]. This appears to hold true for the
selenides, sulfides and ZnTe. We should note that ZnTe is the only wide band gap
I1-VI compound which is conventionally doped p-type. Unfortunately, the doping
trends evident in the McCaldin diagrams counter the need for either an n-type
material with a high conduction band or a p-type material with a low valence

band. This is the same impediment with wide band gap II-VI homojunctions,
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Figure 2.3: Flat band diagram of an ideal type-1 heterojunction for efficient mi-
nority carrier injection. In this case a wider band gap n-type material achieves
efficient electron injection into the recombination p-type material. The holes from
the p-type material are blocked by the valence band offset, and the electrons see

no barrier to injection.

since a large band gap material will have either a high conduction band or low
valence band.

An ideal heterojunction for efficient minority carrier injection would have a
type-I band offset for a given recombination material as shown in figure 2.3. We
notice that in this ideal case there would be no barrier for electron injection into
the p-region, but the valence band offset would block holes. This band alignment is
the same principle used in long wavelength single and double heterostructure LEDs
and LD where amphoteric lattice-matched ternery and quaternary alloys are used
for both p and n materials. Unfortunately a natural heterojunction system for
a type-1 band alignment doesn’t exist in the II-VI materials under the physical
constraints present.

To realize a II-VI LED device based on a heterostructure, we must design a
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structure given the material constraints of the II-VI semiconductors (doping and

lattice constant) and engineer a solution to the unfavorable band offsets.

2.3 n-CdSe/p-ZnTe heterojunction

On close examination of figure 2.2, we note that CdSe and ZnTe are the only
closely lattice matched (0.4% mismatch) heterojunction pair among the II-VI bi-
nary compounds. Furthermore, the two compounds can form a p-n heterojunction
relying only on the natural doping proclivities for these materials. Although CdSe
does not exhibit a stable zinc blende phase when grown in the bulk, prefering in-
stead the wurzite structure, high quality epitaxial layers of zinc blende CdSe can
be grown by MBE on (100) zinc blende substrates [16] and epilayers of ZnTe [17)].
With the slight lattice mismatch between the cubic lattice constants, several hun-
dred angstroms of CdSe can easily be grown on ZnTe without exceeding the critical
thickness. Given this we might expect the n-CdSe/p-ZnTe heterojunction to form
the basis of a wide band gap II-VI heterojunction LED.

Figure 2.4 shows a flatband diagram of an abrupt n-CdSe/p-ZnTe heterojuc-
tion. Unfortunately this heterojunction has a type-II band alignment, with the
valence band of CdSe lying 0.64 eV below that of ZnTe and the conduction band
of CdSe lying 1.22 eV below that of ZnTe [18]. The valence band offset provides
a desired barrier to hole injection into the CdSe, but the larger conduction band
offset serves as a greater barrier to electron injection. Under forward bias, both
electrons and holes see large energy barriers at the heterojunction interface. As a
result of this we would expect insignificant thermionic emission and mostly non-
radiative recombination.

Computer simulations and attempts at fabricating a n-CdSe/p-ZnTe hetero-
junction confirm this suspicion. Figure 2.5 shows the band edge profile and carrier
concentrations for an abrupt heterojunction under a forward bias of 1.25 volts

calculated using the drift-diffusion model of Wang et al. [19].
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Figure 2.4: Flat band diagram of the only closely lattice-matched binary II-VI
compounds. The resulting p-n heterojunction has a type-II band alignment. There
exists the favorable condition that the valence band offset blocks the extraction of
holes from the ZnTe. Unfortunately, the larger conduction band offset serves as a

barrier to electron injection into the ZnTe.

As expected, the device simulations show carrier accumulation at the interface
and virtually no carrier injection across the junction. The resulting overlapping
carrier accumulation leads to predominantly non-radiative interfacial recombina-
tion. At larger biases some hole injection into the CdSe may occur but negligible
electron injection is seen due to the larger conduction band barrier. Therefore, the
simulations corroborate our intuition and demonstrate the futility of an abrubt
n-CdSe/p-ZnTe heterojunction as a light emitter.

© We could use these two binaries to form a quaternary alloy, (CdSe);_,(ZnTe),,
which could be used as an intermediary layer between the n-CdSe and p-ZnTe.
In principle, we could grade the band edges continuously from ZnTe to CdSe by
varying x from 1 to 0 in the quaternary alloy (CdSe);_,(ZnTe),. This would

eliminate the abrupt interface and carrier accumulations but the resulting current
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Figure 2.5: Calculated band bending and carrier concentrations for an abrupt
n-CdSe/p-ZnTe heterojunction. The computer simulation is based on the drift-
diffusion model of Wang et al. [19]. Both valence and conduction band barriers
lead to overlapping carrier accumulation at the interface and non-radiative recom-

bination.
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would be predominantly hole injection into the CdSe due to the much smaller

effective barrier in the valence band.

2.4 Mg,Cd;_,Se graded junction

Although an abrupt heterojunction will not suffice for a light emitter, the n-CdSe
and p-ZnTe system can still be used to realize a p-n heterojunction LED. The
graded injector device is based on the favorable properties of these two compounds,
namely the natural doping type for these materials and the valence band offset.
To facilitate electron injection from the n-CdSe into the p-ZnTe, while prevent-
ing hole extraction, we must grade the conduction band (CB) continuously from
the CdSe CB to the ZnTe CB in an intermediary junction region, while main-
taining the abrupt valence band offset. Since the anion of the II-VI materials
predominantly determines the valence band edge position, this junction grading
can be accomplished by alloying CdSe with an appropriately chosen wider band
gap selenide.

The McCaldin diagram in figure 2.6 shows the properties of an expanded
group of 1I-VI materials including the magnesium chalcogenides. We see the Mg-
chalcogenides have very large band gaps and can be alloyed with the Zn and Cd
compounds to increase the band gap. Unfortunately, there is no lattice matched
ternary II-VI analogous to the III-V Al,Ga;_,As system. Therefore any introduc-
tion of Mg in a II-VI ternary will be associated with a lattice strain.

We observe in the McCaldin diagram of figure 2.6 that an alloy of Mg,Cd;_,Se
can be formed which will have a zero conduction band offset and a large valence
band offset with ZnTe. The graded injector device first proposed by Phillips et
al. [20] is based on using an alloy of Mg,Cd;_,Se to continously grade the con-
duction band from ZnTe to CdSe, at the same time maintaining the valence band
offset. The schematic in figure 2.7 illustrates a flatband diagram for the idealized

graded injector device resulting from this band edge engineering. Starting from
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Figure 2.6: McCaldin diagram of common II-VI materials and the Mg-
chalcogenides. The Mg,Cd;_,Se ternary alloy is represented by the shaded region.
The band gap of MgSe is the estimated value derived in Chapter 4 of this thesis.
The band offsets of MgSe and MgTe are from Wang et al. [21]. The band gap of
MgTe is from Parker et al. [22] and the lattice constant is from Waag et al. [23].
The lattice constant of MgSe is from Okuyama et al. [24], as are the band gap
and lattice constant of MgS. The band offset for MgS assumes the common anion
rule, which states that the position of the valence band edge is determined by the
constituent anion. The band gaps and lattice constants for the Mg-Chalcogenides
are extrapolated values for the zinc blende structure. We notice that for a specific

alloy of Mg,Cd;_,Se there can a zero conduction band offset with ZnTe.
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Figure 2.7: Flatband diagram of an n-CdSe/Mg,Cd;_,Se/p-ZnTe heterojunction.
This “graded junction” device facilitates electron injection while preserving the
valence band offset to confine the holes. Beginning at the Mg,Cd;_,Se/ZnTe
interface we grade the Mg concentration until we have only CdSe. This schematic
assumes the common anion rule for the valence band offset, although the valence
band of Mg,Cd;_,Se is lowered with increasing Mg concentration. The initial
Mg concentration will depend on the band gap and valence band position of the

Mg,Cd;_,Se alloy.

the Mg,Cd;_,Se/ZnTe interface we grade the Mg concentration from some specific
amount down to CdSe over a few hundred angstroms.

To properly grade the alloy to the conduction band of ZnTe we must know
the band gap and band offset for Mg,Cd;_,Se as a function of Mg concentration.
There is a large variation in the estimates and extrapolations of the band gap of
MgSe ranging from 3.6 to 5.6 €V [24, 25]. Furthermore, the effect on the valence
band edge with the addition of Mg was previously unknown. In chapter 4, we
investigate these materials’ properties to best determine the alloy concentration

needed for a zero conduction band offset between Mg, Cd;_,Se and ZnTe. We find
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a good estimate for the maximum Mg concentration to be about 69%.

The lattice constant of zinc blende MgSe has an extrapolated value of 5.89 A [24],
therefore the introduction of Mg into CdSe will introduce a fairly large lattice
strain with respect to ZnTe. For the estimated maximum Mg concentration, the
mismatch to ZnTe will be 2.4%. This is a large lattice strain to accommodate,
but since the Mg concentration is graded down to CdSe it is only the peak strain.
Therefore if we can keep the alloy junction region thin enough we should be able
to stay below the critical thickness. We lack any accurate ability to calculate the
critical thickness for this given structure but we estimate that the thickness of the
whole graded region must be less than 300 A [20]. Device simulations demonstrate
that the grading can be very thin and still operate as expected [19].

To better understand the role the graded junction plays in the device operation
and the mechanism by which the graded device works we can look at the drift-
diffusion simulation results of Wang et al. [19]. Figure 2.8 shows the resulting band
edge profile and carrier concentrations for a Mg,Cd;_,Se graded junction device
under a 2.0 Volt forward bias. These results where calculated for a 200 A graded
region. As the thickness becomes much thinner the injection efficiency begins to
decrease, but if the thickness becomes too large we will have to be concerned
with exceeding the critical thickness and defect formation. Simulation results also
demonstrate that the operation of the graded junction does not require the graded
region to be doped.

We note two significant differences in this device operation compared to the
abrupt heterojunction in figure 2.5. First, we see the graded region effectively
reducing the barrier in the conduction band and preserving the barrier in the
valence band. And secondly, we notice that the graded junction spatially separates
the accumulation of electrons and holes. As long as this separation distance is
roughly larger than the Bohr radius of an exciton, there should be no significant
overlap of the electron and hole wavefunctions and therefore a dramatic reduction

in the non-radiative recombination due to the accumulation. The net effect of the
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Figure 2.8: Calculated band edge profile and carrier concentrations under a forward
bias of 2.0 Volts. The simulated results are based on the drift-diffusion model as
calculated by Wang et al. [19]. This model used a graded region 200 A thick.
Notice the reduced barrier for electrons compared to the abrupt heterojunction in
figure 2.5, as well as the spatial separation of the charge carriers. We are beginning

to see the onset of minority carrier injection into the ZnTe.
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graded region is to facilitate electron injection into the wider band gap ZnTe. At
low bias voltage, most of the current is non-radiative interfacial recombination.
But as the bias is increased, we begin to see significant electron injection into the
ZnTe where they can recombine radiatively. Since the large valence band offset
remains, there is no hole extraction into the CdSe.

The early device results were severly limited by the lack of a p-type dopant for
MBE grown ZnTe and the use of poor quality ZnTe substrates [20]. In spite of
these restrictions, early devices worked as light emitting devices with light emission
originating from the ZnTe substrate. Unfortunately though, these devices operated
at high bias voltages and therefore the injection mechanism was not thoroughly
understood. It was unclear whether the devices operated as high field effect devices
rather than normal thermionic p-n junction diodes. Work on materials and device
development covered in the following chapters of this thesis led to the fabrication
of graded junction LEDs which unequivocally demonstrate the diode like operation

as predicted by the simulations.

2.5 Conclusion

A novel p-n heterojunction LED based on the only closely lattice matched II-VI bi-
nary pair (n-CdSe/p-ZnTe) is demonstrated to be capable of minority carrier injec-
tion. Although an abrupt n-CdSe/p-ZnTe heterojunction results in non-radiative
currents, an efficient electron injector is created by engineering the band edges

with an intermediary Mg,Cd;_,Se alloy junction region.
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Chapter 3

Molecular Beam Epitaxy, and

Nitrogen Doping of ZnTe

3.1 Introduction

Molecular beam epitaxy (MBE) offers a number of advantages as a crystal growth
technology for the growth of II-VI compounds and the graded injector device struc-
ture. Elemental and/or compound source materials with purities of 99.99999% or
greater are available. The ultra-high vacuum (UHV) growth condition of MBE
enables the growth of layers with very high purity as well as allowing for in situ
growth analysis. A residual gas analyzer (RGA) detects the constituent atomic
and/or molecular species in the UHV environment. Reflection high energy elec-
tron diffraction (RHEED) provides surface analysis of epitaxial films during MBE
growth. The low growth temperatures, as low as 150 °C for ZnSe, and the pre-
cise monolayer control of beam fluxes enable the formation and control of abrupt
heterojunction interfaces with interdiffusion and reactions between III-V/II-VI or
II-VI/II-VI junctions limited to a few atomic layers. MBE is well suited for growth
of the graded injector device not only for its material purity and low temperature

growth, but also for its thickness and compositional control which are necessary
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for our device structure. Other techniques, such as metal organic chemical vapor
deposition (MOCVD), are capable of the low temperature epitaxial growth but
they require more understanding and control of the chemical reactions and gas
flows. Furthermore MBE is considerably safe when compared to MOCVD, which
can require the use of toxic gas sources.

One common problem with the growth of II-VI semiconductors has been the
unavailability of high quality substrates. This problem is partially mitigated by
using lattice matched III-V substrates, which are commercially available and of
high structural quality. For instance, for the growth of ZnTe we can use GaSb
substrates with a lattice mismatch of 0.128%. There are two subtle, yet noticeable
problems associated with this approach. First, there is measureable cross contam-
ination due to the out-diffusion of group III and V elements. Second, there are
interfacial chemical reactions at the III-V/II-VI heterojunction.

Since the constituent atoms of a III-V compound are dopants in II-VI materials
the substrate elements can diffuse out of the I1I-V layer and into the 1I-VI material
during growth. This will result in doping compensation and the formation of im-
purity states. Rajakarunanayake et al. [1] found the out-diffusion of group III and
group V impurities in the growth of epilayers of ZnTe on various III-V substrates.
Photoluminescence (PL) from the ZnTe exhibited characteristic impurity bound
excitons due to the cation out-diffusion. Secondary-ion mass spectroscopy and
electron microprobe analysis showed substantial out-diffusion of the III-V cations
and anions into the ZnTe with higher concentrations at the surface of the ZnTe
than in the epilayer. It was also seen that there was no significant back diffusion
of Te into the III-V layers. In our studies of ZnTe growth on GaSb substrates we
observed significant Sb out-diffusion, detected by XPS, with roughly a monolayer
of Sb riding up along the growth surface. This isn’t surprising since Sb is known to
be and is used as a surfactant during MBE growth [2, 3]. Although out-diffusion is
not ideal, it can be somewhat reduced and tolerated so long as it doesn’t prevent

doping or hinder the II-VI epilayer structural quality.
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A more severe consequence of II-VI/III-V heteroepitaxy is the formation of
interface compounds. Tu and Kahn [4] observed the formation of an interfacial
layer (~5 A) between ZnSe and GaAs during MBE, which was later determined by
XPS to be GaySes [5]. A similar interfacial reaction was found for the ZnTe/GaSb
heterojunction. XPS [6], raman scattering [7] and high resolution electron mi-
croscopy [8] confirmed the formation of GayTes at the ZnTe/GaSb interface during
MBE growth. Duddles et al. [9] found an anomalous blue shift of the heavy-hole
exciton that could not be explained by the lattice mismatch between ZnTe and
GaSb. They suggested that the interfacial GayTes contributed to additional strain.
We find the presence of this interfacial III-VI layer degrades the subsequent layer
quality.

Petruzzello et al. [10] found that the structural quality of ZnSe grown on GaAs
was strongly dependent on the specific growth initiation. With an initial exposure
of Zn-only prior to growth initiation, the interface layer and epitaxial film was of
high structural quality. On the other hand, an initial exposure of Se resulted in
films of significantly lower quality. This demonstrated not only that the interface
compound layer affects the epitaxial growth quality, but also that it may be possible

to control the degree of its effect.

3.2 Overview and outline

Our MBE system consists of three separate chambers, interconnected via UHV
transfer tubes. Two of the chambers are Perkin-Elmer 430P MBE systems, one
dedicated to III-V only and the other to II-VI only growths. The third chamber
is a Perkin-Elmer Model 5500 analysis system used for x-ray photoelectron spec-
troscopy (XPS). Elemental source materials are used in conventional MBE ovens.
The base pressures in the chambers during growth or analysis are typically in the
low 10719 Torr range, although during nitrogen doping the pressures are as high as

107 Torr. Typical substrate growth temperatures during II-VI growth are 300 °C,
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and fluxes are set for growth rates of ~ 1 A per second. Optimal MBE growth of
ZnTe was found to occur for a flux ratio of Zn to Te which is slightly “Te-rich” and
exhibiting the characteristic (2 x 1) RHEED reconstruction. The transfer tubes
allow for sample manipulation between the separate chambers without remov-
ing from the UHV (107! Torr) environment. By interconnecting these different
chambers we are capable of growing II-VI/III-V heteroepitaxial samples as well as
offering additional in situ (XPS) materials characterization, while avoiding cross
chamber contamination.

Early attempts at fabricating a graded injector LED based on the graded in-
jector heterojunction were severely limited by the lack of high quality ZnTe sub-
strates. Before the successful p-type doping of MBE ZnTe, the early devices had
to be grown on poor quality p-ZnTe, and we had to rely on the p-typeness of the
substrate with only a thin buffer layer for device operation. With the success of
p-type doping of ZnTe, detailed in this chapter, we could then grow high conduc-
tivity layers of p-ZnTe and use the closely lattice matched GaSb as a substrate.
Although GaSb substrates offer a partial solution to the substrate deficiency, we
found it necessary to control the II-VI/III-V interfacial reaction. By using a thin
intermediary AlSb buffer we could suppress the II-VI/III-V interfacial reaction and
grow considerably higher quality ZnTe epilayers.

In this chapter we discuss the issues and details of the growth technologies
used to fabricate the graded injector LED. A discussion of the substrates used for
MBE growth is presented with the emphasis on the ability to use commercially
available GaSb. In addition, nitrogen doping of ZnTe is presented along with
the technique used to achieve high quality epilayers with adequate doping levels
necessary for device operations. Lastly the growth technique employed to construct

the Mg,Cd;_,Se graded region is discussed and evaluated.
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3.3 Substrate choice

3.3.1 ZnTe

Ideally, we would prefer homoepitaxy over heteroepitaxy to avoid interfacial reac-
tions and any residual strain. Unfortunately, high quality ZnTe substrates have not
been available. Single-crystal ZnTe substrate were obtained from BEagle-Picher [11].
A proprietary seeding technique was used to nucleate crystal growth on a substrate
and bulk substrate growth proceeded via a physical-vapor-transport. Crystalline
quality has varied, with x-ray FWHM ranging from 70-110 arcsecs. Polishing and
surface preparation technology has not been as advanced as for the III-V semi-
conductors, and polish damage was visually apparent on the ZnTe substrates.
Furthermore, substrate preparation and deoxidation of ZnTe substrates has been
a considerable problem. We have been unsuccessful in desorbing oxygen bound
to Zn on the surface. This residual surface oxide nucleates twins during growth.
Ar ion sputtering can remove the surface oxide, but the sputtering damage also
leads to growth defects nucleating at the defect sites on the surface. Annealing
the substrates at 460 °C prior to growth improves the surface structure, as seen
in the RHEED pattern. This annealing step was found to lead to better growth
nucleation than the unsputtered substrates so all growths on ZnTe are sputtered
and annealed. In spite of this procedure, the surface morphology of thick epi-
layers of ZnTe grown on these ZnTe substrates is generally poor compared to
high quality heteroepitaxy on GaSb. These thick layers on ZnTe substrates have
much higher surface roughness than growths on GaSb, and exhibit hillock forma-
tion nucleating at the substrate/epilayer interface [12]. The electrical (J-V) and
optical (electroluminescence and quantum efficiency) properties of devices grown
on Zn'Te substrates were greatly outperformed by comparable devices grown on
GaSb. Therefore, ZnTe substrates were used primarily for growths of characteri-

zation epilayers rather than for devices, and GaSb substrates were used for device
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growths.

3.3.2 GaShb

For lack of a homoepitaxial technique to ZnTe growth, GaSb offers an improved
alternative for a substrate material. GaSb is a closely latticed match III-V binary
substrate commercially available with reasonable quality. The ZnTe/GaSb lattice
mismatch is 0.128%, which is better than that of ZnSe/GaAs (0.254%) and that
of AlAs/GaAs (0.132%). GaSb substrates used have typical x-ray FWHM of 18
arcsec. High quality MBE GaSb is well established, so epilayers of GaSb can
be grown for later 1I-VI epitaxy. These features make GaSb an ideal candidate
substrate for II-VI ZnTe epitaxy. Additionally since we can now dope ZnTe p-
type, GaSb can be a substrate for device applications. The valence band of ZnTe
is 0.60 eV lower than the valence band of GaSb [13], so a p-type contact through
the substrate is difficult. Fortunately, ohmic contacts to p-ZnTe can be made from
the top side laterally to a device.and serve as a back contact.

Unfortunately, the interfacial reaction between ZnTe and GaSb forming GagTes
can result in epilayers with high defect densities and poor structural and surface
quality. Typical x-ray FWHM for epilayers of ZnTe on GaSb where > 100 arcsecs.
The interface reaction appears to be slightly supressed by initiating growth with
an initial Zn flux similar to the technique of Petruzzello et al. [10]. Since the Ga-Sb
and Zn-Te bonds are respectively weaker than the Ga-As and Zn-Se bonds, this
technique is less effective than with ZnSe growth on GaAs. A better technique
employed is to grow a thin (~ 20 A) buffer of AlSb on the GaSb epilayer. The
AISb has a stronger chemical bond and the formation of AlyTes at the AlSb/ZnTe
interface is reduced. This result was observed in the RHEED pattern during the
initial growth nucleation. For samples without the AlSb, the RHEED pattern
becomes diffused immediately upon growth of ZnTe and then becomes slightly

spotty and streaky after roughly 4-6 seconds. For samples with the AISb, the
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RHEED pattern is less diffused and slightly spotty at the onset of ZnTe growth.
This at least qualitatively demonstrates a reduced interfacial reaction with the
AlSb buffer. In addition, higher quality ZnTe epilayers where grown using an
AlSb buffer. Best x-ray FWHM of 39 arcsec and typical x-ray FWHM of 40-50
arcsec were achieved using the AISb buffer. Therefore, all II-VI growths on GaSb
substrates had the thin AISb buffer layer.

3.4 Nitrogen doping of ZnTe

Bulk grown ZnTe, grown with an excess of Te will be p-type due to the formation
of the double acceptor Zn vacancy. We would expect ZnTe to be easily doped
p-type by MBE, but there has been considerable difficulty achieving high quality
p-type ZnTe. Undoped MBE-grown ZnTe is naturally p-type but highly resistive.
During MBE growth, excess Zn or Te can re-evaporate from the surface resulting
in stoichiometric material with high resistivity. A number of early attempts to
dope ZnTe during MBE growth have had only limited success. Antimony dop-
ing has been limited both by low solubility and low activation efficiency, with
maximum p-type carrier concentrations of 3x10%cm™2 achieved without degrad-
ing the films [14]. Elemental phosphorus doping with beam equivalent pressures
comparable to the Zn and Te sources has attained carrier concentrations up to
4x10Ycm=3, but with deteriorated crystalline quality [15]. More efficient p dop-
ing has been achieved using ZnsAs, for arsenic doping with hole concentrations
up to 1x10%cm=3 [16]. But as with the phosphorus doping the beam equiva-
lent pressure was greater than for the Zn and Te. More limiting, though, is the
formation of deep levels for p > 1x10'cm™2, and severely degraded band edge
photoluminescence in favor of deep emission due to arsenic incorporation.
Recently, nitrogen has shown to be an effective p-type dopant in ZnSe [17]. Re-
sistivities below 1 {2-cm [18] have been grown, however net acceptor concentrations

saturate at 2x10*¥cm ™3 under optimal growth conditions for ZnSe [19]. Further
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nitrogen incorporation can be increased to as high as 1.3x10¥cm™3, but the net
acceptor concentration does not increase due to compensation. The incorporation

3 was further shown to affect the structural

of nitrogen higher than 1x108cm™
properties of ZnSe attributed to the formation of point defects accompanying the
N doping [20].

The successful nitrogen doping has been accomplished by forming a nitrogen
plasma. Most researchers have employed an Oxford Applied Research (OAR) [21]
radio frequency (RF) plasma source. Another possible source studied has been an
electron cyclotron resonance (ECR) plasma source [22]. Vaudo et al. [23] have in-
vestigated the optical emission spectra of both RF and ECR sources and identified
atomic species in the nitrogen plasma as the most likely species responsible for
p-type doping. Furthermore, it was shown that the RF source produces a larger
percentage of nitrogen atoms for a given set of operating condition as well as dop-
iﬁg to higher free hole concentrations than the ECR source. Therefore we suspect
that an RF plasma source will be a preferred efficient atomic nitrogen source for
p-type doping of II-VI compounds.

Soon after the accomplishment of p-type doping of ZnSe with a nitrogen plasma
source, p-type doping of ZnTe was demonstrated. Han et al. [24] grew ZnTe:N
epilayers on (100) GaAs susbstrates with acceptor concentrations approximately
1x10%¥%m™2 and x-ray FWHM of 270 arcsec. We successfully doped ZnTe grown
on ZnTe substrates using a nitrogen plasma source with hall carrier concentrations
up to 1x10%%m=3 [25]. Tao et al. [26] also acheived doping levels of 1x10?°cm~3
in ZnTe by growing on tilted (311)B GaAs substrates. On (100) GaAs substrates
they measured hole concentrations of 8.9x10*%cm~3 under identical growth condi-
tions. The successful doping of ZnTe to these levels has facilitated the fabrication
of low resistance “pseudograded band gap” contacts to p-ZnSe formed with a
ohmic contact to ZnTe:N graded with Zn(Se,Te):N to ZnSe:N [27]. Additionally,
p-type ZnTe has led to significant advancements in the development of the “graded

injector” [25] visible light emitter discussed later in this thesis.
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3.4.1 Nitrogen plasma source

Nitrogen doping is achieved by using an OAR Atom/Radical-Beam Source, Model
MPD21. This source fits in the standard effusion cell of the MBE machine. A
Nanochem Series L-60 gas purifier with Nanochem 1400 resin is used to reduce
any impurities of 0z, Hy0, and CO0; in the gas source to the ppb (parts per billion)
levels. The gas flow rate is set with a precision needle valve. A plasma is struck in
the PBN (pyrolytic boron nitride) discharge tube by an electrical discharge created
from inductively-coupled RF excitation at 13.56 MHz. Atomic and radical species
produced in the discharge can escape into the vacuum chamber via an array of
fine holes in the beam aperture plate. Two apertures with different number of
pin holes and pin hole diameters have been used in our system: a 21 x 0.3mm (
number x diameter) array with an effective area of 1.48 mm?, and a 4 x 0.2mm
array with an effective area of 0.13 mm?. The size and number of holes in the
aperture sets the aperture conductance and therefore controls the beam flux and
flow rates necessary for plasma discharge. For instance, with the larger array a No
flow > 0.05 sccm is necessary for plasma operation, while with the smaller array a

Nj flow > 0.01 sccm is needed [28]. As will be shown below the smaller array was

used to reduce the dopant flux.

3.4.2 Nitrogen doping of ZnTe

An ultra high purity (99.9995%) nitrogen gas source was used in our early doping
experiments. The major impurity Ar, which is inert, had levels < 5 ppm (parts
per million). Other contaminants are effectively reduced by the Nanochem purifier.
The plasma source had the 21 x 0.3mm aperture installed. The nitrogen flow rate
was adjusted for these experiments to yield a background chamber pressure of
1x 107 Torr, and the plasma was operated at 125W with no reflected power.
Epilayers of nitrogen doped ZnTe were grown on (100) ZnTe substrates to study

the electrical characteristics of ZnTe:N. Growth conditions were typical for MBE
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ZnTe epilayers previously discussed. The nitrogen doped layers were each grown
to approximately 2 ym after the growth of roughly 1 um of undoped ZnTe. The
electrical properties of the ZnTe epilayers were evaluated by Hall measurements.
Dopant concentrations in all experiments were sufficiently high to form ohmic
contacts with all metals and contacts used (Au, Au/Ge, silver paint and indium
solder).

Doped layers of ZnTe:N grown under these conditions were extremely conduc-
tive with resistivities of 10~ Q-cm, and hole carrier concentrations of 1x10%cm=3.
We were unable to significantly reduce the nitrogen beam flux, while maintaining
a plasma, for the given nitrogen source aperture. Therefore, to reduce the aver-
age doping concentration, we modulated the doping in a superlattice type fashion
by repeatedly growing periods of undoped ZnTe followed by doped ZnTe:N. Fig-
ure 3.1 shows the results of Hall measurements of three different epilayers all grown
to roughly the same thickness: one continously doped ZnTe:N, and two different
modulated doped layers. One modulated doped layer has 40 periods of 500 A
ZnTe/ 50 A ZnTe:N. The other modulated doped layer has 40 periods of 500 A
ZnTe/25 A ZnTe:N. The lack of any temperature dependence is characteristic of
fully degenerately doped material. In this regime, wave functions of N acceptor
holes overlap and an impurity band is formed.

The modulated doping effectively reduces the average carrier concentration
and increases the resistivities of the epilayers by up to 2 orders of magnitude.
More importantly, the modulated doping improved the surface morphology of the
ZnTe epilayers. The surface crystallinity was examined during growth by in situ
RHEED. The RHEED shows the distinct (2 X 1) streaky “Te-rich” pattern char-
acteristic of normal two-dimensional ZnTe growth. In the case of the continous
doping, an elonged (2 X 1) spotty pattern developes as the layer grows indicating
three-dimensional growth and degraded surface morphology. On the other hand, in
the case of the modulated doping, the RHEED stays streaky and the surface mor-

phology is improved over the continous doped case. This improvement is quantified
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Figure 3.1: Hall measurement of nitrogen doped ZnTe epilayers as a function of
temperature for (a) carrier concentration and (b) resistivity [29]. The 40 period
modulated doped period thicknesses are given as undoped/doped in nanometers.
All epilayers are roughly 2 microns of doped material grown on 1 micron undoped

insulating ZnTe buffer layers.

by atomic force microscopy (AFM) and average root mean square (RMS) surface
roughness {12]. These structural improvement results are very similar to planar
doping techniques employed with chlorine doping of ZnSe by MBE [30].

The structural and growth problems associated with these degenerate doping
levels may in large part be due to the large lattice strain associated with nitrogen
incoporation. Nitrogen p-type doping is substitutional on a Te site. At the doping
incorporation levels in these experiments, 1 x 102%cm~3, roughly 0.5% of the Te sites

are substituted with N. The tetrahedral radii of N is 0.70 A while that of Teis 1.32 A
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Figure 3.2: Q/2 0 measured and calculated x-ray diffraction patterns for a 40
period ZnTe(240 A )/ZnTe:N(15 A ) layer grown on ZnTe. Calculated pattern is
generated by Philips PC-HRS software [32]. The lattice parameter for ZnTe:N is

estimated using the tetrahedral radii of nitrogen and the doping concentration.

[31]. Therefore the doping will lead to large local strains. Figure 3.2 illustrates this
effect. The X-ray diffraction for a modulated doped layer with 40 periods of 240 A
ZnTe/15 A ZnTe:N doped to 1x10?°%cm~3 grown on ZnTe substrates is compared
to a calculated diffraction pattern. A superlattice-like x-ray pattern is observed
due to the periodic lattice strain due to the nitrogen doping.

Graded device structures were grown using the modulated N-doped ZnTe on
GaSb substrates. These devices operated successfully as discussed in the following
chapter, but due to the degenerate doping the optical performance was degraded.

Photoluminescence from modulated doped ZnTe:N was less efficient than for un-
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doped ZnTe. Therefore, it was necessary to reduce the doping levels significantly
to improve the structural and optical quality of the ZnTe:N.

To reduce the doping levels the aperture on the nitrogen source was changed
to the 4 x 0.2mm aperture. The effective area of this aperture is one order of mag-
nitude smaller than the 21 x 0.3mm aperture, thus reducing the flux equivalently.
Continuously doped epilayers of ZnTe:N, grown under similar growth conditions as
mentioned above, had room temperature Hall hole carrier concentrations reduced
to 2x10%m™3. These layers showed improved photoluminesce over the higher

doped layers but were still degraded as compared to undoped ZnTe layers.

3.4.3 Dilute nitrogen doping of ZnTe

To further improve the structural quality of the ZnTe:N we reduced the doping
levels by changing the nitrogen gas source to an ultra high purity (99.9995%) dilute
mixture of 10% N / 90% Ar. The plasma could be struck with a similar gas flow
rate and background chamber pressure. Therefore the nitrogen flux is effectively
reduced by one order of magnitude. Continously doped epilayers of ZnTe:N grown
using the dilute nitrogen and 4 x 0.2mm aperture under the above growth condi-
tions had room temperature Hall hole carrier concentrations of 1x108cm™3. These
levels proved sufficient for ohmic contacting and epilayer conductivity. Further-
more, these ZnTe:N layers exhibited greatly improved photoluminescence over the
higher doped layers and had PL comparable to undoped ZnTe layers. In addition,
the structural quality of the ZnTe:N films grown under these conditions were as
good as undoped epilayers. Figure 3.3 shows the x-ray rocking curve for an epilayer
of ZnTe:N grown on a GaSh substrate with an intermediary 20 A AlSb layer. This
ZnTe:N epilayer had the best x-ray FWHM of 39 arcsec for all ZnTe growths on
GaSb substrates. Therefore for optimal doping and materials quality we used the

dilute Ny source with the smallest aperture for subsequent device growths.
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Figure 3.3: X-ray rocking curve of 1.0um ZnTe:N epilayer doped with an RF
plasma source using a dilute gas mixture of 10% N, / 90% Ar grown on GaSb
substrate. The room temperature free hole carrier concentration is 1x10'8cm™2.
The growth prior to the II-VI layer consists of 0.6um GaShb:Si buffer layer followed
by a 20 A AISb blocking layer.

3.5 MBE growth of graded junction

A brief description of the technique employed to grow the graded junction region
(i.e. the Mg,Cd;_,Se region) is presented now so as to better understand some
of the complications discussed in the following chapter. A standard effusion cell
loaded with elemental ingots was used for the Mg source. The Mg concentration
in epilayers of Mg,Cd;_,Se was measured by x-ray photoemission spectroscopy

(XPS). These measurements were initially checked and calibrated with electron
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microprobe analysis. It was found that under identical growth conditions (sub-
strate temperature, and source fluxes) the Mg concentration in Mg,Cdy_.Se was
consistently reproducible. Nevertheless, prior to growing a device we would grow
an epilayer of Mg,Cd;_,Se on a ZnTe substrate to measure the Mg concentration.
This measured value was then taken to be the peak Mg concentration in the graded

Mg,Cd;_,Se region.

3.5.1 Thermal grading of Mg,Cd;_,Se

Presently, the graded Mg,Cd;_,Se region of the device is grown by simply shut-
ting off the power to the Mg source cell, while keeping other sources static. The
subsequent thermal cooling reduces the Mg flux and thus decreases the concentra-
tion in the Mg,Cd;_,Se region as the layer grows. The resulting grading profile
is thus determined by the flux transient of the Mg. The Mg flux transient was
characterized by monitoring the Mg peak in the RGA spectrum. The transient
behavior was the same throughout all measurements. The CdSe growth rate was
adjusted so that the whole grading would occur over ~ 300 A, and so that the
Mg concentration would decrease by roughly one order of magnitude. For our
particular cell and typical source material mass we noticed a consistent 1.5 minute
delay after shutting off the power, before the Mg flux would begin to decrease.
Once the Mg flux would start to decrease it would drop exponentially with time.
Therefore, the Mg cell’s power was shut off 1.5 minutes prior to the beginning of
the Mg,Cd;_,Se graded layer. Overall, we assume that the Mg concentration in
the Mg,Cd;_,Se layer starts at the initial measured calibration maximum, and
ended up one order of magnitude lower over a total thickness of 300 A. This tech-
nique is fundamentally limited and constrained by the thermal transient properties
of the Mg source material, cell and oven. A discussion of alternative approaches
will be presented in chapter 4. Despite its crude approach, this grading technique
has worked sufficiently to grow graded Mg,Cd;_,Se layer devices capable of light
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emission.

3.6 Summary

Successful p-type doping of MBE ZnTe using an RF plasma nitrogen source has
enabled the use of GaSb substrates for the graded injector device discussed in
the following chapter. To realize high quality ZnTe:N we employed the smallest
aperture for the N-source and used a dilute 10% Na/ 90% Ar mixture to achieve

doping levels of 1x10%8cm™3,

Epilayer of ZnTe:N grown under these conditions
exhibited room temperature PL comparable to undoped ZnTe. II-VI epitaxy on
GaSb substrates is greatly improved by growing an intermediary (~ 20 A) AlSb
buffer to suppress the II-VI/III-V interfacial chemical reaction. This procedure
has led to the highest quality epitaxial ZnTe:N layers grown on GaSb with x-ray
FWHM of 39 arcsec. This heteroepitaxial technique and II-VI doping have been

implemented to realize working graded injector LEDs.
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Chapter 4

Development of the Graded
Injector Light Emitter

4.1 Introduction and outline

The early graded injector devices were severely limited by the lack of a MBE p-
type dopant for ZnTe, a high quality substrate, and the lack of sufficient materials
characterization of Mg,Cd;_,Se necessary for a realistic approach to device engi-
neering. In spite of these shortcomings, the early devices fabricated using ZnTe
substrates appeared to work as LEDs but only under high biases and a restrictive
device design [1].

In this chapter, we report on advances in the development of the graded junc-
tion electron injector device, i.e. the graded injector. Materials characterizations
of the Mg,Cd;_,Se alloy necessary for device engineering issues are presented.
Success in p-type doping of ZnTe, discussed in the previous chapter, has subse-
quently enabled the use of higher quality GaSb substrates. Devices grown with
GaSb substrates show the benefits of high quality substrates. Present electrical
characteristics exhibiting normal diode-like behavior more clearly demonstrate the

operating principle of the graded injector over the previous studies of Phillips et
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al. [2]. Electroluminescence (EL) characteristics of the graded injector LED are
presented along with a discussion of the the optical performance. These results
lay the foundation for and highlight the salient issues for further studies needed to

advance the graded injector device development to a point of commercial interest.

4.2 Device engineering

There have been very few studies of the epitaxial growth of Mg chalcogenides.
Early studies of Itoh [3] synthesized p-n diodes based on Mg,Cd;_,Te crystals
grown by the Bridgman-Stockbarger method. Okuyama et al. [4] grew and char-
acterized epilayers of Zn,Mg;_,S,Se;_, and proposed and subsequently demon-
strated [5] the use of this quaternary as lattice matched cladding layers in blue-
green laser diodes. More recently, MgTe and Mg,Cd;_,Te thin films grown by
MBE have been reported [6]. But there have been no reported studies of Mg,Cd;_,Se
alloy epilayers. The original design of the graded Mg,Cd;_,Se region was made
based on approximations of the material parameters due to this lack of character-
ization.

For efficient operation of the graded injector, the conduction band must be
properly graded to avoid any energy barrier to electrons at the Se/Te interface.
Ideally we would want to continuously grade the conduction band from that of
ZnTe down to CdSe. Device simulations suggest that small discontinuities in the
conduction band may be acceptable for device operation, but we would like to
reduce and eliminate any electron barrier at the Mg,Cd;_,Se/ZnTe interface. In
fact it would be prefered that the conduction band of Mg,Cd;_,Se be graded
above that of ZnTe rather than below. This has the unfortunate consequence
of introducing more strain due to the higher Mg concentration. So we would
like to be as close as possible to a continuous grading at the Mg,Cd;_,Se/ZnTe
interface. To accomplish this, it is necessary that we know the position of the

band edges of Mg,Cd;_,Se as a function of Mg concentration. To do this, we
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need the band gap as a function of Mg concentration and the relative valence band
offset. The estimates of the band gap of MgSe range from 3.6 to 5.6 eV [4, 7].
Therefore we need an accurate measure of the Mg, Cd;_,Se band gap as a function
of Mg concentration. Furthermore, there had been no previous studies of the
valence band offsets for the Mg chalcogenides, and we would expect a deviation
from the common anion rule similar to that observed in the AlAs/GaAs system,
since Mg like Al has unoccupied d orbitals [8, 9]. Therefore it becomes critical to

experimentally measure the valence band offset of the Mg, Cd;_,Se/CdSe system.

4.2.1 Band gap studies of Mg,Cd_,Se

Pseudomorphic epilayers of cubic Mg,Cd;_,Se, with x ranging from 0 to 63%,
were grown on (100) ZnTe substrates with thicknesses of at least 1000 A. The Mg
concentration was reproducibly grown and measured by XPS, after calibrating with
electron microprobe analysis. The RHEED pattern during the Mg,Cd;_,Se growth
exhibited a Se-rich (2 x 1) streaky reconstructed surface. The RHEED pattern
showed no indications of any deviation from cubic material even for layers grown
slightly beyond the critical thickness. X-ray diffraction patterns of Mg,Cd;_,Se
epilayers also indicated a cubic crystalline structure, although with large FWHMs
and a high degree of crystalline mosaicity.

A characteristic photoluminescence (PL) spectra from a Mg,Cd;_,Se epilayer
is represented in Figure 4.1. A He-Cd laser (325nm) with 1mW power was used
for the excitation source. The broad high energy peak is thought to be a donor-to-
acceptor pair (DAP) emission from the Mg 46Cd 56Se epilayer. Since the epilayer
is grown beyond the critical thickness and has poor structural quality, there is no
excitonic emission. Additionally, there is increased deep emission associated with
the Mg 46Cd 565¢ layer.

The band gap energy of the epilayers was estimated from the high energy peak

band edge emission in the PL spectrum at 5K. We could not use the room temper-
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Figure 4.1: Low temperature (5K) photoluminescence (PL) spectra of 1000 A
Mg 46Cd 565¢ epilayer grown on ZnTe substrate. 1mW excitation from HeCd
(325nm) laser. An excitonic peak from the underlying ZnTe is indicated. The
high energy broad peak is from the Mg 46Cd 5¢Se layer. This peak is thought to be
a donor-to-acceptor pair (DAP) emission. No excitonic emission is observed from
the Mg 46Cd 565e epilayer due to the poor structural quality of the layer grown past
the critical thickness. This may also be responsible for the deep emission which

would be reduced under more optimal growth conditions.
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ature PL spectra due to severely degraded emission for the high Mg concentration
layers. The DAP emission is a lower bound for the band gap at 5K. We expect
the band gap to be greater than 100 meV above the DAP emission based on the
deep acceptor states of the wide band gap 1I-VIs associated with the heavy hole
mass in the valence band. At room temperature, the band gap would be from
100-140 meV less than the 5K band gap, which is typical of the II-VIs. So we can
conservatively regard the band edge emission as the band gap for these alloys. For
the low concentration Mg layers this estimate was found to be consistent. The
band gap energy as a function of Mg concentration is plotted in Figure 4.2. We
notice a deviation from a linear dependence on Mg concentration. Fitting the data
to a quadratic function we extrapolate a band gap for MgSe to be 4.54 ¢V. The
specific band gap of MgSe is not necessarily important, but what is relevant is the
position of the Mg,Cd;_,Se conduction band relative to that of CdSe and ZnTe
as a function of Mg concentration. To do determine this we need a measure of the

valence band offset of Mg,Cd;_,Se.

4.2.2 Valence band offset measurement of MgSe/Cd 56Zn 4,Se

The valence band offset (VBO), AE,, of MgSe/Cd 5sZn 44Se was measured by
Wang et al. [10] using X-ray photoelectron spectroscopy (XPS). This heterojunc-
tion is used so as to avoid difficulties associated with lattice strain. Bulk MgSe
naturally occurs in the NaCl structure, but the zinc blende lattice constant has
been extrapolated by Okuyama et al. [4] to be about 5.89 A. The lattice matched
Cd 56Zn 445e alloy composition was measured and calibrated using X-ray diffrac-
tion for lattice constant and XPS for alloy concentration. We used (100) GaSb
substrates with GaSb buffer layers to provide a high quality smooth growth sur-
face. A thick buffer layer of ZnTe was grown on the GaSb substrates since this
II-VI/III-V heteroepitaxial growth technology was well advanced. Next, thick re-
laxed layer of Cd 557n 44Se with a lattice constant of 5.93 A provide closely lattice
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Figure 4.2: Estimated band gap of Mg,Cd;_,Se alloy as a function of Mg con-
centration. Data taken from low temperature PL spectra is used to approximate
the room temperature band gap. Experimental data is best fit by a quadratic
equation. Extrapolation of the fit estimates the band gap of zinc blende MgSe to
be 4.54 eV.

matched layers for the XPS experiment. The MgSe epilayers were grown up to a
maximum of about 150 A. During growth these layers exhibited a streaky (2 x
1) RHEED diffraction pattern indicating zinc blende epitaxial growth.

The value obtained for the VBO is [10]:

AEU (MgSe/C’d_56Zn_44Se) = (0.56 £ 0.07eV. (41)
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4.2.3 Band edge engineering

We can construct the band edge (BE) positions, valence band edge (VBE) and
conduction band edge (CBE), relative to the BE’s of CdSe and ZnTe for the
Mg,Cd;_,Se alloy as a function of Mg concentration. Using the above measured
value for the MgSe/Cd 56Zn 44Se VBO and CdSe/ZnTe VBO of 0.64 ¢V [11] we plot
the position of the valence band of Mg,Cd;_,Se relative to the VBEs of CdSe and
ZnTe. Here we assume no band bowing and a linear dependence in the VBE going
from CdSe to MgSe. Adding to this the band gap information for Mg,Cd; _,Se, we
plot the CBE of Mg,Cd;_,Se relative to the CBE of ZnTe. From this plot we ex-
tract an approximation for the Mg,Cd;_,Se alloy which will have its CBE aligned
with the CBE of ZnTe. We estimate this is accomplished with a Mg concentration
of 69 %. Therefore, for the graded device we use this estimate for the initial Mg

concentration in the Mg,Cd;_.Se alloy junction.

4.3 Device structure

Light emitting devices based on the graded injector design have been grown on
both (100) GaSb substrates and (100) p-ZnTe substrates. Devices grown on GaSb
showed significantly better structural, electrical and optical properties than those
grown on the ZnTe, so we concentrated on those with GaSb substrates. The poor
performance of the ZnTe substrates appeared to be due to the presence of Te
precipates in the substrates as well as the formation of dislocations due to poor
surface quality. Log plots of the J-V characteristics of devices on ZnTe substrates
showed large leakage currents and reduced optical performance resulting from the
structural defects. Ideally, we would prefer ZnTe substrates rather than GaSb, but
lacking a suitable commercial source for ZnTe the best available choice was GaSb.

A typical device structure is grown on a GaSb substrate indium bonded for

thermal conduction to a molybdenum block. In the III-V MBE chamber a 3000 A
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Figure 4.3: Band edge alignment of Mg,Cd;_,Se alloy as a function of Mg concen-
tration. Conduction (CBE) and valence band edge (VBE) positions are relative to
the VBE of CdSe. Using the band offsets of CdSe/ZnTe and MgSe/Cd 56Zn 44Se
and assuming a linear variation in the VBE of Mg,Cd;_,Se together with the
band gap dependence of Mg,Cd;_,Se we construct the band edge dependence.
With these assumptions we estimate a 69% concentration of Mg in Mg,Cd;_,Se

is needed to align the conduction bands of Mg,Cd;_,Se and ZnTe.
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GaSh:Si buffer layer followed by a 20 A AlSb cap is grown. The sample is trans-
ferred via UHV to the II-VI chamber, where growth of the device proceeds at a
growth temperature of 300 °C. The device consists of ~ 1 um of ZnTe:N doped
to roughly 1x10*¥cm=3 hole carrier concentration. Next the graded Mg,Cd;_,Se
layer with thickness varying from 300-600 A is grown . Mg,Cd;_,Se layers with
maximum concentrations from 60-70% Mg at the ZnTe interface were graded down
to about one order of magnitude less Mg ~ 6-7 %. The final n-junction layer con-

sists of ~ 300 A CdSe:Al doped to about 1x10*cm™3.

4.3.1 Device fabrication

Device fabrication relies on standard lithographic and wet etch techniques. After
pulling the samples from UHV, we heat the moly block in an inert atmosphere glove
box to remove the substrate’s indium bonding. We use a controlled environment
to avoid any potential oxidation. The diodes are then lithographically defined into
octagon mesas with areas of 1.8x107* cm?. Electrical isolation is formed with a
0.5% bromine:ethylene-glycol wet etch 4000 A into the p-ZnTe layer, well beyond
the p-n junction. Lateral ohmic contacts to the p-ZnTe and top contacts to the
CdSe:Al are made with evaporated Au/Ge and defined by standard photolitho-
graphic lift-off procedures. An ohmic back contact to the GaSb substrate can also
be used but there is a 0.82 eV valence band offset for GaSb/ZnTe which lead to
resistance across this interface. This effect is slightly mitigated due to the large
area of the interface and the high doping concentrations but it still makes the
back contact through the GaSb more resistive than the front lateral contacts. The
devices are then placed on a TO-5 header, wire bonded and available for electrical

and optical characterization.
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4.4 Material characterization

4.4.1 TEM

Transmission electron microscopy (TEM) studies [12] of the junction region of the
devices revealed a number of interesting features. We discovered that the actual
thickness of the Mg,Cd;_,Se region in devices grown were significantly thicker
than expected. As previously described in chapter 3, we adjusted the growth of
the Mg,Cd;_,Se by calibrating the growth of CdSe to the thermal transient of the
Mg flux. The growth of the alloy appears to be significantly faster than anticipated
given the growth rate of CdSe and the additional Mg. We expected only 300 Afor
the graded region but were actually growing almost twice as thick. The presence
of Mg, with a sticking coefficient of 1, seems to increase the sticking coefficient of
Cd thereby increasing the overall growth rate.

We believe a thinner grading is essential but will be very sensitive to the growth
technique used. This is apparent in the TEM images of the Mg,Cd;_,Se/ZnTe in-
terface. This interface is characterized by the appearance of an interfacial reaction
and point defect formation leading to stacking faults in the [111] direction. We
estimate well over 1x10' cm~2 defect densities in the graded regions.

Due to the fixed constraints of this method of grading the Mg,Cd;_,Se region,
we have been unsuccessful in fully compensating for this growth anomaly. Attemps
to shutter the Mg cell or slow down the overall growth rate helped to reduce the
graded region thickness but to the detriment of device performance compared to
the devices with thicker grading. The reason for this phenomena still needs to be
addressed.

We believe that by properly controlling the Mg source we can both decrease
the grading thickness and reduce defect formations. We have investigated the
use of two potential alternative source cells to better control the flux. One likely

candidate is a valved cell, where a mechanical valve can adjust the beam flux
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precisely without changes in source temperature. The other is a water cooled
Knudsen cell, where the thermal transients are reduced with very efficient cooling.
Both cells would allow for extremely quick flux decreases necessary for a thinner
grading. Ideally though, the valved cell is prefered because of its ability to variably
control fluxes independent of thermal transients. A full range of valve positions
from open to completely closed can be reached in seconds. Therefore, a grading
with precise Mg concentration can be achieved in well under 300 A. Unfortunately,
this type of cell has not yet been used with Mg as the source material and issues

of reliability and materials compatibility have not yet been determined.

4.4.2 X-ray

Figure 4.4 shows the X-ray rocking curve data from the (004) reflection of a graded
device structure grown on a GaSb substrate. Included in the plot is a computer
simulated rocking curve generating using the PC-HRS software of Fewster [13].
The FWHM of the GaSb and ZnTe layers are 25 and 39 arc seconds respectively.
The ZnTe epilayer of this device is coherently strained to the GaSb substrate.
This is confirmed by analyzing the asymetric (115) diffraction peaks relative to
the GaSb peak. The CdSe layer has a broad FWHM and weak amplitude close to
the theoretically expected values given the finite thickness (~ 300 A) of the layer.
Most striking is the presence of the zinc blende diffraction peak of the CdSe. This
confirms the growth of cubic material through the graded Mg,Cd;_,Se region.
Surprisingly, it was noticed that the structural quality of the device epilayers,as
measured by the ZnTe FWHM, was not correlated with the electrical and/or opti-
cal performance of the LED. In fact, the best performing device with the highest
external quantum efficiency had a much worse ZnTe FWHM than the device in
Figure 4.4. These results imply that it is not the structural quality of the ZnTe
material that is presently limiting the LED performance. The luminescence quality

of all the epilayers (excluding the fully relaxed thick layers) appear to be equiv-
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alent as measured by PL intensities. Therefore it appears that the devices are
limited by the injection efficiency rather than the recombination efficiency. The
injection efficiency is primarily dependent on the Mg,Cd; _,Se graded region and
Mg,Cdy_,Se/ZnTe interface. This issue of device efficiency will be discussed later

in the chapter.

Experimenta
e Calculated

Intensity (a.u.)

30.0 30.1 30.30.3 3.4 30. 30.6 30.7 30.8
Omega (degrees)
Figure 4.4: The (004) reflection X-ray rocking curve of a graded device grown
on a GaSb substrate. Included is a calculated rocking curve for the same device
structure. The simulated curve is generated using the PC-HRS software from
Philips Research Laboratories. We notice the zinc blende (004) peak of the CdSe
layer indicating cubic growth through the grading. The slight shoulder on the high
angle side of the simulated curve of the CdSe peak originates from the Mg,Cd;_,Se

grading. Data was aquired using a four-crystal Ge-monochrometer diffractometer.
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4.5 Device operation

4.5.1 Electrical performance

Figure 4.5 shows a comparison of the room temperature electrical characteristics
of the original and the present graded devices. The original device’s electrical
properties shortcomings have been eliminated by being able to grow doped layers
of p-ZnTe. The high series resistance of the early devices was due to the low
conductivity of the ZnTe substrates, and the high turn-on voltage was probably
due to the charging of traps at or near the substrate/buffer layer interface and the
thin undoped ZnTe epilayer all together resulting in a large voltage drop across
this region. The present devices’ current-voltage characteristics are very good.
These devices turn on more like an ordinary diode and operate at a voltage near
the band gap of ZnTe. There is almost no reverse bias leakage current and a sharp
forward bias turn-on. Most of the series resistance in the present device (25 )
comes from current spreading through the thin ZnTe:N epilayer and not from the
contact or junction region. This has been substantiated by the linear dependence
of the resistance through the p-ZnTe epilayer as a function of contact to contact
seperation. This small series resistance can be virtually eliminated with the use of
high quality p-ZnTe substrates and/or thicker epilayers of p-ZnTe on GaSb.

To better understand the current injection mechanisms in the LED, we plot the
current density on a log scale as seen in Figure 4.6. Plotted in this manner we can
extract the ideality factor (n) for a diode. n is used and given by a modification to
the basic diode current-voltage equation to account for space-charge recombination
current. A simple empirical representation of the current-voltage relation is thus

given by the following formula:

IDiode ~ qu/nkT. (42)

An ideality n=1 would be the case for a pure diffusion current, while an ideal-



74

200 —r—r—

150

A PR S |

Current Density (Amps/cm?)
o
o

41
o
LA |

-

-—‘-

PYRET W IR S SN

o] PR N SPRPY Ll EEPUS S I
0.0 2.0 4.0 6.0 8.0 10.0
Voltage

Figure 4.5: Room temperature electrical characteristics of the original and present
graded devices. The original device is a 100 um diameter mesa with back contacts
made to the ZnTe substrate. The present device grown on GaSb is an octagon

mesa with an area of 1.8x10™* cm? with front lateral contacts made to the p-ZnTe

epilayer.

ity n=2 would be for pure recombination current based on the Shockley-Read-Hall
model of recombination through a trap [17]. When both currents are comparable,
the ideality will vary between 1 and 2. A more accurate current-voltage relation
would equate the total diode current to the sum of a diffusion current plus vari-
ous space-charge (non-radiative) recombination currents. This would account for
deviations from pure diffusion current, but would be an intractable J-V relation.
Nevertheless, the simple model using an ideality factor gives insight into the pro-

cesses associated with the diode current mechanisms.



75

10 —— T e v LI I §

Experimental device
----- Ideal device
10" ¢ ———~ Non-ideal device s R

(=]

jury
o

'
N

Current Density (A/cm?)
o

2.5

Figure 4.6: Log plots of current density vs. voltage for an experimental device, and
simulated “ideal” and “non-ideal” graded devices. The ideal device has a continu-
ous grading in the conduction band and negligible space-charge recombination at
the Mg,Cd;_,Se/ZnTe interface. By construction the ideality of this ideal device
is n=1, which indicates pure diffusion current. The non-ideal device has a 300 meV
discontinuity at the Mg,Cd;_,Se/ZnTe interface and a significant density of inter-
face traps. The minimum ideality of the experimental device is n=1.8 indicating

a combination of diffusion and space-charge recombination currents.
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The minimum ideality for the experimental data is n=1.8. This indicates a
combination of diffusion and interfacial-recombination currents. With higher in-
jection currents, the series resistance distorts the ideality factor making it appear
larger. Plotted along with the experimental data are simulated results using the
model of Wang et al. [18] based on the drift-diffusion transport equations. The
computer model used to generate the J-V behavior of the device can be used to
intuitively explain the non-ideal behavior of the experimental device.

The “ideal” case corresponds to a graded device with a continuous conduc-
tion band and a negligible number of non-radiative recombination centers at the
Mg,Cd;_,Se/ZnTe interface. The effective surface recombination velocity at this
interface was assumed to be 200 cm/sec. Not surprisingly, the ideality for this case
is n=1. We can modify the qualitative and quantitative behavior of the J-V by
adjusting the interface trap concentration and the grading discontinuity. As the
density of traps at the Mg,Cd;_,Se/ZnTe interface is increased the non-radiative
space-charge current will increase. A discontinous grading in the conduction band
resulting in an electron barrier at the Mg,Cd;_,Se/ZnTe interface leads to an
accumulation of electrons at this interface and subsequently enhances any non- ra-
diative recombination processes. Increased space-charge current will both increase
the ideality and shift the log J-V curve upwards towards the experimental curve.

As an example, we plot in Figure 4.6 the simulation result for a “non-ideal”
device. This device had a discontinuous grading, with a 300 meV discontinuity
at the Mg,Cd;_,Se/ZnTe interface, and a high density of interface traps with an
effective surface recombination velocity of 1x10° cm/sec. The actual value of the
discontinuity isn’t the important parameter in this calculation. Physically what
matters is the presence of non-radiative channels at the interface, and an overlap
of carrier accumulation at this interface. We should not take the parameters as
physically meaningful but as illustrative of the trend and behavior of the interface
properties. From this behavior we conclude the interfacial non-radiative current

is non-negligible in our present graded devices. Furthermore, it is most likely the
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Figure 4.7: Log plot of graded injector LED compared to Hewlett Packard commer-

cial GaP:N green LED. Both devices exhibit small reverse bias saturation currents

and obvious indications of the onset of forward bias current injection. The GaP:N

LED begins to emit light at 1.75 Volts forward bias and the Caltech graded LED

begin at 1.85 Volts.

grading in the device is not optimized and there exists an electron barrier at the
interface. In spite of the interfacial problems the device operates as a normal LED
as will be discussed later.

In Figure 4.7 a log plot of the room temperature J-V characteristics of a graded
device is compared with a commercial GaP:N green LED. Both devices show simi-
lar J-V behavior, with the graded device having slightly more space-charge recom-
bination current and larger series resistance. Light emission turn-on, as defined

by when you can begin to see light with the eye, is coincidentally very similar in
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the two devices as well. The commercial device begins to turn-on at about 1.75
Volts, and the graded device begins to turn-on at about 1.85 Volts. Light emission
can begin at voltages below the band gap due to the minority carrier injection
process [19]. Although the graded junction LED has a drastically different device
design and operating concept compared to the standard commercial LEDs, we see

remarkably similar operating characteristics.

4.5.2 Optical performance
Electroluminescence

Figure 4.8 shows a characteristic electroluminescence (EL) spectra from a graded
device operating under a 2.8 Volts DC bias at room temperature. The EL spec-
tra clearly demonstrates the electron injection into the p-ZnTe. The emission is
dominated by band to band recombination in the ZnTe at 2.25 ¢V, with no deep
emission present. The absence of any luminescence from CdSe (E,q, = 1.74 V) in-
dicates that holes are blocked by the valence band offset barrier. The lower energy
emission centered at 1.96 eV is currently not conclusively known. This red emis-
sion peak is present in all graded devices fabricated to date. The relative intensity
of this peak compared fo the band edge emission varies from sample to sample and
appears to be independent of substrate (ZnTe or GaSbh) and growth conditions.
This 1.96 eV red peak is not present in the photoluminescence of ZnTe:N epilayers.
Although, it is observed in the photoluminescence of graded device structures as
well as epilayers of CdSe:Al on ZnTe:N (the same structure of a graded device
without the Mg, Cd;_,Se layer). In the case of the CdSe:Al/ZnTe:N structure the
luminescence of the red peak is weaker than for the comparable graded device
structure. Therefore, we believe the red luminescence to be related to the Se/Te
interface, and the magnitude of its effect is increased with the presence of Mg. The

exact nature of this phenomena is still under investigation.
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Figure 4.8: Room temperature electroluminescence spectra of a graded injector
device. Device is a hexagon mesa with an area of 1.8 x10™* cm? operating under
a 2.8 Volt DC bias with 30mA current. Emission is dominated by band to band
recombination of ZnTe. No luminescence is observed from CdSe or from deep
emission. The low energy emission at 1.96 eV is believed to be from the Se/Te

interface.
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Quantum efficiency

The external quantum efficiency 7., defined as the ratio of the number of photons
emitted from a device to the number of charge carriers passing through the diode,
was measured using an “Integrating Sphere” [20]. A Si photodetector is fit to the
sphere to detect the radiant flux. Geometric and reflectivity effects of the sphere
were calibrated using commercial LEDs with known quantum efficiencies. The best
measured external quantum efficiency of the graded injector LED grown on GaSb
substrates was 0.007%. This is close to an order of magnitude greater than the
best of the early devices grown on ZnTe substrates. In spite of the improvement in
performance, the present graded devices in there current state are not competitive
with commercial green LEDs, although we have made little effort in optimizing
light extraction which could drastically improve overall 7.,;. We have focused
instead on developing the technology to clearly demonstrate graded injection in an
LED.

To examine the reasons for the devices’ lower efficiencies and offer suggestions
for improvements we break the external quantum efficiency into three indepen-
dent terms, each which comprises a separate physical component for the overall

efficiency. These elements of the external quantum efficiency 7.,; are,

Nezt = T * NMr * T (43)

where n; is the injection efliciency, 7, is the recombination efficiency, and 7, is the
light extraction efficiency.

Since the luminescence is generated in the p-region, the injection efficiency, 7;,
is the ratio of the electron injection current to the total current. The total current
is composed of the electron injection, hole injection and space-charge recombina-
tion. We saw previously there is negligible hole current, but significant interfacial
recombination current. To improve the injection efficiency we must reduce the
space-charge recombination current. To do this will require better control and

understanding of the Mg,Cd;_,Se/ZnTe interface and graded Mg,Cd;_,Se region.
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The recombination efficiency, 7,, is the ratio of the radiative recombination
to the total recombination in the p-region of the device. Here there are a few
factors which limit the efficiency. The thickness and quality of the ZnTe active
region will strongly effect the recombination efficiency. In our device structure, if
the electron diffusion length is comparable to the thickness of the ZnTe ( ~ 1um)
then 7, would be reduced by the carriers recombining in the GaSb. Mathine et
al. [21] found for thick (up to 2um, which is far greater than the absorption length
of the laser excitation, 4400 A) ZnTe epilayers grown on GaSb buffer layers an
appreciable PL recombination from the underlying GaSb, indicating the diffusion
of carriers through the ZnTe. Attempts at growing thicker ZnTe epilayers are
limited by the critical thickness of these epilayers grown on GaSb. On the other
hand the luminescent quality of the ZnTe material is very good, as seen in the
room temperature PL and the absence of deep emission. One way to mitigate the
thickness limitations and improve the recombination efficiency is to incorporate
quantum wells and quantum well structures to capture carriers and provide higher
radiative recombination efficiencies. We estimate that quantum well structures
could improve radiative efficiencies by at least one order of magnitude. Epilayers
of ZnTe with Cd,Zn;_,Te quantum wells have been seen to improve the integrated
PL by over an order of magnitude as compared to ZnTe epilayers with no quantum
wells. Working graded injectors with quantum wells have not to date been grown
but are currently being investigated.

The extraction efficiency, 7,, is the ratio of the number of photons which escape
the LED to the total number generated in the active region. This factor is prici-
pally governed by the device design and fabrication, i.e. the presence of absorbing
materials, the type and position of contacts, the fabrication of cubes rather than
mesas, and encapsulation techniques. The extraction of light is fundamentally lim-
ited by the critical angle for total internal reflection (Snell’s Law), and absorbtion.
The extraction of light generated by an LED has in fact been a major focus of com-

mercial interest [22, 23, 24]. By using thick transparent conducting window layers



82

to allow for current spreading and moving the junction away from the top contact,
Huang et al. [22] increased external quantum efficiencies by a factor of twofold.
Kish et al. [23] used a wafer-bonding technique to replace an absorbing substrate
with a transparent substrate to increase the external efficiency by a factor of 2
as well. Encapsulation and packaging are standardly used in commercial LEDs
to increase extraction by up to a factor of 8 [24]. Since we are using absorbing
GaSb substrates, all the light emitted down into the device is lost. Furthermore,
since the p-n junction is just below the top contact (< 1000 A) there is little cur-
rent spreading and all the light generation is underneath the contact. The top
contact, Au/Ge, is not transparent and prevents any extraction through the top
of the device. In our devices the observed light escapes only from the perimeter
of the contact and edges of the mesa. As a result the extraction efficiency is ex-
tremely poor. We have made no serious effort to improve the extraction efficiency
although Wang [25] has suggested some possible top contacting schemes to im-
prove the light extraction. In addition if ZnTe substrates were available we would
then have transparent substrates. Bulk growth of ZnTe substrates has not been
very advanced. One way to overcome this problem, would be to use thick layers (>
100 pm) of ZnTe grown by MOCVD and later etch off the III-V substrate. These
thick layers would then serve as a pseudo-substrate for MBE.

All together, it comes as no surprise that our measured external quantum ef-
ficiencies are low compared to commercial green LEDs. However, there are clear
approaches available to increase each of n;, 7., and 7,. By addressing the improve-
ments in just 7, and 7, only we expect the graded injector to be competitive with

commercial green LEDs.

Device lifetime

Early graded injector devices grown on ZnTe exhibited evidence of potential long

lifetimes. These devices operating under high injection of 100 Amps/cm? degraded
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by 50% after ~1500 hours of continuous operation. The recent devices, grown on
GaSb substrates however have much poorer operating lifetimes. Under current
densities of 52 Amps/cm? these devices degrade, as measured by the light emission,
by 50% after only ~10 hours. Figure 4.9 illustrates the lifetime characteristics for

a typical graded device grown on a GaSb substrate.
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Figure 4.9: Device lifetime measurement of a graded injector LED. Device is oper-
ated under constant bias current of 52 Amps/cm?. Light emission is measured by
the photodiode current of a silicon photodetector in an integrating sphere. Bias

voltage is the voltage measured across the LED.

The reason for the poor device lifetime is presently unknown. The possibilities
being investigated include defect formation in the ZnTe epilayer due to nitrogen
doping, or from the ZnTe growth on GaSb, either of which could degrade re-

combination efficiency. Another possibility is that defect formation at the graded
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junction Se/Te interface leads to greater interfacial recombination and therefore
reduced injection efficiency. This last reason may explain the difference in lifetimes
between the early and present devices due to a difference in device operation. The
earlier devices operated under high bias and may have been a high field effect de-
vice, while the present devices clearly achieve minority carrier injection as a normal
p-n diode. The present devices’ current voltage characteristics degrade consider-
ably along with the optical output, which wasn’t the case for the early devices.
This is observed in the reduced bias voltage with time under constant bias current
observed in Figure 4.9.

The present device’s J-V becomes much leakier (i.e. greater bias current for a
given bias voltage, or lower bias voltage for a given bias current) indicating greater
interface space-charge recombination. Figure 4.10 plots the relation between the
light emission current and bias voltage change operating under a constant bias
current. This relation exhibits a thermionic behavior between the light emission
and bias voltage. This suggests a dependence for the light emission (lifetime) on the
injection current efficiency rather than the recombination efficiency. Therefore the
lifetime degradation may be due to reduced injection efficiency rather than reduced
recombination efficiency. This may result from defect formation at the graded
junction Se/Te interface enhanced by the extra strain from the thick grading. The
early device’s lifetime may have been a measure of the active region’s recombination
rather than of the injection process. Therefore improvements in reducing the
interfacial defects may greatly improve the device lifetime characteristics.

The precise nature of the device lifetime is still under investigation. This may
turn out to be a fundamental problem associated with II-VIs. In general, the II-
VI semiconductors are soft materials and may not have the robustness needed for
long lifetime LEDs and laser diodes. This could prove to be an inherent physical
attribute which will frustrate device development. However, strong evidence points
to the lifetime problem being related to the poor Se/Te interface. This should be

a tractable problem with improvements in growth technology.
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Figure 4.10: Light emission, as measured by the photodiode current of a sili-

con photodetector in an integrating sphere, vs. the change in bias voltage for a

graded device operating under constant current. Data is taken from that of Fig-

ure 4.9. The straight line fit exhibits a thermionic related process to the lifetime

degradation. This suggests a reduced injection efficienty rather than a decreased

recombination efficiency in the temporal behavior of the device operation.
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4.6 Conclusion and areas for future develop-
ment

We have clearly demonstrated operation of the graded junction electron injector
LED based on the n-CdSe/Mg,Cd;_,Se/p-ZnTe structure. Success with the p-
type doping of MBE ZnTe and the use of GaSb substrates to grow high quality
ZnTe has lead to major improvements in device performance. Normal p-n diode-
like LEDs with low turn-on voltages and efficient election injection into the wider
band gap material have been demonstrated. Device simulations and lifetime studies
suggest the graded junction Se/Te interface may play a role in the reduced and
degrading injection efficiency.

A number of areas are open for additional research. Further development of
the growth technology necessary to optimize the device structure should lead to
increasing performance gains. Improved control of the Mg flux, via a valved Mg
cell, will allow for precise thickness control of the graded Mg, Cd;_,Se junction and
better Se/Te interface control. The incorporation of quantum structures will lead
to improved recombination efficiencies. The development of substrate technology
for homoepitaxial growth will be critical to improving light extraction character-
istics. In addition, more sophisticated processing technology will enable greater
extraction efficiencies. Most importantly, the nature of the device lifetime and

failure modes should be studied.
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