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Abstract

This thesis consists of two parts: research performed towards the development of
a II-VI graded electron injector wide bandgap light emitter and characterization
of the InAs/GaSb heterointerface, for application to InAs/In,Gaj_Sb infrared
superlattice detectors. Background and motivation for both projects are presented.

Investigations of the II-VI graded electron injector light emitter consist of sim-
ulations to test the feasibility of a number of LED designs, band alignment mea-
surements, materials characterization and device performance studies. The simu-
lations, based on the Drift-Diffusion model with modifications to account for het-
erojunctions, demonstrate that the graded electron injector LED design is feasible.
Improvements to the basic design can be implemented by incorporating confining
layers and active layers with wider bandgaps using ternaries and quaternaries. The
XPS measurements of the MgSe/Cdg 54Zng 465¢ and MgTe/Cdy gsZng 12 Te valence
band offsets show a deviation from the common anion rule with the valence band
edge of the Mg-based semiconductor lower in both cases. The significance of these
results is discussed. XRD, TEM and SIMS characterization of the graded injector
devices reveal potential problems in material quality. Device performance charac-
terization show good current-voltage and electroluminescence properties, but poor
external quantum efficiency and device lifetimes.

Characterization of the InAs/GaSb heterointerface consists of surface exchange
reaction studies, band alignment measurements and interface abruptness studies.

The XPS/RHEED investigation of surface exchange reactions shows monolayer



exchange and Sb island formation for the Sb soaks of InAs surfaces, and As ex-
change with Sb past the terminating monolayer of Sb into the underlying GaSb
for the As soaks of GaSb surfaces. The XPS band alignment studies show that
the InAs/GaSb valence band offset is independent of interface composition, but
changes with growth direction. Possible mechanisms for this behavior are dis-
cussed. Finally, the XPS, RHEED, cross-sectional STM and SIMS studies of the
abruptness of the InAs/GaSb interface show that the GaSb-on-InAs growth direc-
tion is more abrupt than the InAs-on-GaSb growth direction. Mechanisms for this

asymmetry in the interface abruptness are presented.
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Chapter 1

Introduction

1.1 Introduction to Thesis

This thesis consists of two parts. Part I describes research performed towards
the development of a new II-VI wide bandgap light emitter design. Part II
presents characterization of the InAs/GaSb heterointerface, for application to

InAs/In,Ga;_,Sb infrared superlattice (IR SL) detectors.

1.1.1 General Motivation

Recent advances in semiconductor growth capabilities have stimulated interest in
the development of a wide variety of innovative semiconductor heterostructure
devices. In some cases, these device applications rely on the recently developed
ability to grow semiconductor layers with extremely small length scales and near
monolayer control of growth thicknesses. At these length scales, structures can
be fabricated which make use of quantum mechanical phenomena such as quan-
tization of states, resonant tunneling through closely spaced, thin barriers, and
wavefunction penetration into barriers. Devices which exploit these phenomena
include laser diodes, a variety of inter- and intra-band tunneling structures, and

various structures which implement superlattices. Other devices currently under



development rely more heavily on the ability to grow semiconductor materials
which previously could not be grown at all, or could not be grown with the desired
characteristics. II-VI and nitride semiconductor compounds fall into this category.

In this thesis, various aspects of two semiconductor heterojunction device ap-
plications are studied: specifically, the design, fabrication and characterization
of novel II-VI wide bandgap light emitters and investigation of the mixed anion
InAs/GaSb interface used in IR SL detectors. The II-VI wide bandgap light emit-
ter makes use of the recently developed capability to grow certain II-VI compounds
with the necessary material quality and dopant levels, while development of the
InAs/In,Ga;_,Sb IR SL detectors relies on the ability to grow very thin (< 100 A)
alternating semiconductor layers with the desired interfacial properties.

The II-VI wide bandgap light emitter design studied in this thesis makes use
of an innovative graded electron injector design [1] to overcome fundamental dif-
ficulties inherent to II-VI light emitter fabrication. The originality of this light
emitting diode (LED) design made it necessary to investigate various design pa-
rameters in order to obtain and then optimize proper LED device performance.
Additionally, the device incorporates semiconductor materials that are relatively
uncharacterized, hence characterization of a number of material parameters was
required to ensure optimal performance of the LED.

The InAs/GaSb interface is of interest not only because of its application to
InAs/In,Ga;_Sb IR SL detectors and other device technologies, but also because
studies yield insight into the physics of mixed anion interface formation. Since
both the anions (As and Sb) and the cations (In and Ga) change across the
InAs/In,Ga;_Sb interface, control of the interfaces in this system is difficult.
Add to this the differing bond lengths, bond strengths, and surface free energies in
this system, and control of the interfaces becomes even more complicated. Since
the interfaces comprise a significant fraction of the layers in the IR SL detector, it

is critical to have strict control over both their abruptness and their composition.



1.1.2 Summary of Results

In the first part of this thesis (Chapters 2-4) the simulation, characterization, and
fabrication of a graded electron injector II-VI wide bandgap light emitter are dis-
cussed. The simulations, based on the Drift-Diffusion model with modifications
to account for the effects of heterojunctions, are used to test for LED design fea-
sibility. Results for a variety of devices are presented to demonstrate the design
procedure and to explain in detail the operation of the graded electron injector de-
vice. The first device is an n-CdSe/p-ZnTe heterojunction LED, which simulations
show does not function correctly as an LED due to high levels of interfacial recom-
bination and carrier injection into the narrow bandgap CdSe layer. The second
simulated device contains an added graded electron injector layer (Mg,Cd;_,Se)
between the CdSe and the ZnTe layers. In this case, simulations demonstrate that
the device should function correctly as an LED, with electron injection into the
wide bandgap ZnTe layer and minimal interfacial recombination. The next two
device designs are modified from the standard graded injector device to increase
electron confinement, and to shorten the wavelength of emitted light. Finally, the
most recent device structure, and a proposed design which allows for a completely
lattice matched graded electron injector structure are presented.

Some of the more important parameters affecting LED device operation are the
band alignments between the various semiconductor layers used in the LED; how-
ever, these parameters are essentially unknown for the the Mg-based semiconductor
compounds used in the graded electron injector device. A measurement of the band
alignment for two Mg-based semiconductor heterointerfaces was performed using
in situ X-ray photoemission spectroscopy (XPS) analysis. Specifically, the two het-
erojunction interfaces were MgSe/Cdg 54Zng 465 and MgTe/CdggsZng 12Te, both
of which are lattice-matched and share a common anion. The measured valence
band offsets are 0.56 + 0.07 eV and 0.43 + 0.11 eV for the MgSe/Cdy 54Zng 46Se
and MgTe/Cdg gsZng 12Te heterojunctions respectively, with the valence band of



the Mg-based semiconductor lower in each case. These results are significant not
only because band alignments are important for device applications but also be-
cause the results deviate from the well known common anion rule. A possible
explanation for the cause of this deviation is presented.

In addition to band offset measurements, other materials characterization stud-
ies are discussed, as well as the latest device performance results. X-ray diffrac-
tometry (XRD), transmission electron microscopy (TEM) and secondary ion mass
spectrometry (SIMS) studies of graded electron injector devices are presented. The
XRD and TEM studies reveal materials quality problems in the devices, attributed
in part to the strain induced in the highly lattice mismatched graded region. The
SIMS analysis also brings to light potential problems in the form of increased im-
purity levels in the neighborhood of the graded region. The latest current-voltage
and electroluminescence studies of the graded electron device show excellent elec-
trical characteristics and green luminescence. The best external quantum efficiency
exhibited to date by our devices is 0.007%. Device degradation studies show evi-
dence for long lifetimes, but our recent devices show lifetimes on the order of only
100s of hours.

The second part of the thesis presents studies of the mixed anion InAs/GaSh
heterointerface. Surface exchange reaction studies are made during both Sb in-
terrupts (or soaks) of InAs surfaces, and As soaks of GaSb surfaces as a function
of soak time and soak species. XPS analysis of the Sb on InAs exchange reaction
shows that Sb exchanges for the terminating As layer with some Sb island forma-
tion. For the As on GaSb exchange reaction, it was observed that As exchanges not
with only the terminating Sb layer, but also exchanges into the underlying GaSb
layer. The mechanism responsible for the difference between the two different ex-
change reactions is attributed primarily to the interplay between the different bond
strengths and the steady state fluxes involved in each exchange reaction. The im-
pact of the difference in soak reaction behavior on subsequent interface abruptness

1s discussed.



Finally, XPS measurements of the effect of interface composition and growth
order on the InAs/GaSb valence band offset and investigations of asymmetry in
the abruptness of the InAs/GaSb interface are presented. The InAs/GaSb va-
lence band offset was found to be independent of changes in interface composition,
but not independent of changes in growth order. Possible mechanisms for this
effect are discussed. XPS, reflection high energy electron diffraction (RHEED),
cross-sectional scanning tunneling microscopy (STM) and SIMS investigations of
the InAs/GaSb heterojunction show that interfaces for the InAs-on-GaSb growth
direction are more extended than for the GaSb-on-InAs growth direction. These
analysis techniques provide near-surface chemical information, real-time structural
information, high spatial resolution imaging and spectroscopy and high sensitivity,

low depth resolution chemical information respectively.

1.2 Wide Bandgap II-VI Light Emitters

1.2.1 Motivation

The development of short wavelength light emitting diodes (LEDs) and laser diodes
(LDs) is of significant commercial and technological interest. To better understand
why this is so, it is helpful to have some background on the advantages, disadvan-
tages, applications, and markets of currently available LEDs and LDs.

LEDs have a number of clear performance advantages over conventional in-
candescent lamps. The features that immediately come to mind are efficiency,
reliability, fast switching speeds, and narrow linewidths. Typical efficiencies are
roughly 2% for incandescent bulbs compared to 18% for the best high brightness
commercial red LEDs [2]. Reliability is another area where LEDs have the advan-
tage with lifetimes as high as ~10° hours compared to the ~ 10 hours typical for
incandescent lamps. Another advantage of LEDs is the fast switching speed attain-

able, especially when compared to fluorescent lamps. Finally, the narrow linewidth



can also be a very desirable quality in many applications where a specific color of
emitted light is desired.

Currently, the visible LED market is roughly 20 billion units per year for a total
market value of roughly $1 billion per year [3], with the primary application being
indicator lamps. Should high brightness, high efficiency green and blue LEDs be-
come available, they will increase the size of this market considerably, even without
accounting for new applications. There are many uses for bright green or blue indi-
cator lamps (e.g., outdoor settings or automobile displays) where ambient lighting
requires high brightness LEDs, and where colors other than red and amber are
desired. The main markets sought after by developers of high efficiency green and
blue LEDs, however, are those where the development of these LEDs is expected
to open up potentially very large markets that currently do not even exist. As an
example of this, the introduction of the ultra-bright, high efficiency red AlGaAs
LEDs found an immediate, very large market in automobile brake lights which
could not have been accessed with lower efficiency, lower brightness LEDs.

Two potentially large markets are in the areas of full color displays and traffic
signal lights. Full color displays based on LEDs would have the advantages of
being flat, bright, efficient and scalable to large sizes. The market for this is very
large, given the demand for full color, flat panel displays for portable computers,
and the potential demand for large area flat panel displays to replace conventional
CRT TVs and computer screens. Red and green LEDs also have a large potential
market in traffic signal lights. Because lamps used for traffic signal lights must
have reasonably fast switching speeds, standard low efficiency incandescent lamps
must be used instead of higher efficiency fluorescent lamps. A simple analysis
shows that by replacing existing lamps with high efficiency red and green LEDs,
an energy savings of over $100 per year per traffic signal head can be achieved [4].
This does not include reduced maintenance and replacement costs associated with
the longer LED lifetimes. The energy savings alone would pay for the cost of the
LED lamps years before they would need to be replaced. Multiply the savings per



lamp by the number of lamps in a typical city [5], and one can see why LEDs are
a very attractive light source for traffic signal lights.

It is estimated that the current market for flat panel displays is roughly $5
billion, projected to reach $40 billion by the year 2000 [6]. To replace all of the
traffic signal lights in the United States would require an estimated 4 billion each of
discrete red, green and amber LEDs [7]. Though these numbers are approximate,
it is clear that enormous markets for high brightness, high efficiency blue and green
LEDs exist if only they can be fabricated.

The market for LDs is much smaller than that for LEDs, with 1992 sales of
only roughly $287 million/year at an average cost of just under $6/unit [8]. The
motivating force for companies such as Sony, which are leading the development of
ZnSe-based LDs, is actually the market for systems utilizing the LDs. For instance,
although the market for LDs used in compact disc (CD) players and laser printers
is small, the market value for CDs, CD players, and laser printers that incorporate
these LDs is enormous. Thus, the motivation for producing LDs is not to produce
and sell LDs, but to increase sales of systems such as CD players, which have
a much larger market value, by providing unique features unattainable by other
vendors. The unique feature provided by shortening the wavelength of lasing to
the blue for CD players is that the storage density in optical recording can be
increased by factors of four or more due to the reduced bit size attainable with
shorter wavelengths. With current video compression techniques, this would allow
storage of full length movies on standard sized CDs. For laser printers, shorter
wavelength LDs would increase both resolution and throughput. Thus, despite the
smaller dollar value of the LD market compared to the LED market, there is still

very good reason to develop shorter wavelength LDs.



1.2.2 Commercially Available LED Products

In order to properly understand the motivation for the tremendous efforts invested
in wide bandgap light emitter research, it is important to evaluate the perfor-
mance of existing commercial LED technologies. Commercial LDs in the blue
and green wavelength regimes simply do not exist, so the discussion will center
on commercial LED technologies. Figures 1.1 and 1.2, published by researchers
from Hewlett-Packard [9] and modified to include SiC, show the performance of
existing commercial LEDs. The AlGalnP LEDs shown are not currently avail-
able, but are expected to be commercialized in the near future. Figure 1.1 shows
both the external quantum efficiency of the LEDs and the relative response of a
light-adapted human eye, as functions of wavelength. The photometric luminous
efficiency, expressed in lumens/watt, accounts for the eye response by combining
the relative eye sensitivity with the external quantum efficiency. Figure 1.2 shows
a plot of the luminous efficiency versus peak wavelength.

In the red wavelength regime, the highest performance LEDs are Al,Ga;_,As-
based double heterostructure LEDs. External quantum efficiencies of 7% at 645
nm and 18% at 650 nm for absorbing GaAs substrates and transparent AlGaAs
substrates, respectively, have been reported [2]. The luminous efficiency of the
transparent substrate Al,Ga;_xAs LEDs is only slightly below that of a tungsten
incandescent lamp and is far superior to a red filtered incandescent lamp.

If we now study the shorter wavelength yellow LEDs, we start to see a drop
in the external quantum efficiency, although this is more than compensated for by
the higher eye sensitivity to the shorter wavelengths. Two technologies are shown
in this wavelength range: GaAs,P;_, on GaP substrates and Aly_Ings5,Gags P
on GaAs substrates. The GaAs,P;_, LEDs perform relatively poorly as seen in
Figures 1.1 and 1.2. This is because GaAs,P;_, becomes an indirect semiconductor
at wavelengths less than 627nm. The only reason these devices perform as well

as they do is because they are doped with nitrogen which acts as an isoelectronic
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center, allowing radiative recombination without the involvement of a phonon.

The other technology for yellow LEDs is based on Al;_,Ings5,GagsP, grown
by organometallic vapor-phase epitaxy (OMVPE) and lattice matched to GaAs.
Progress in this material system has been substantial since the first orange LEDs
were demonstrated in 1984 [10]: first transparent Al,Ga;_xAs window layers [11]
and lattice mismatched GaP window layers [12] were introduced, then the thickness
of the GaP window layer was increased to 45 microns [9], and most recently (not
shown in Figures 1.1 and 1.2) the removal of the GaAs substrate and subsequent
wafer bonding of a transparent GaP substrate was achieved [13]. Although the
most recent of these devices has not yet been commercialized, no degradation in
device reliability has been observed, hence they are expected to be commercialized
soon. The maximum luminous efficiency observed is 41.5 L/W, which is greater
than even unfiltered halogen or tungsten incandescent lamps and is only roughly
a factor of two lower than the luminous efficiency of fluorescent lamps.

If we now look at the green wavelength regime, we start to understand why
so much research has been directed toward developing wide bandgap LEDs. The
performance of both the GaP- and Aly_,Ing5,Gags,P-based green LEDs is sig-
nificantly worse than that of the yellow LEDs. GaP, as mentioned before, is an
indirect semiconductor, so the green LEDs made from it expectedly have very low
quantum efficiencies. The addition of N to act as an isoelectronic center improves
the efficiency significantly, but also shifts the wavelength into the yellow-green,
leaving its performance below that of Al;_,Ings,GagsP. The Al;_,Ing5,Gag s P
technology, although somewhat improved over GaP, still has much lower lumi-
nous efficiency than LEDs in the yellow wavelength regime, despite the improved
eye response to green. The dropoff in efficiency for Al;_,Ings,GagsP LEDs is
not entirely understood yet, but is expected to be related to the approach of the
direct-indirect transition at shorter wavelengths [14].

The decrease in performance continues as even shorter-wavelength, blue SiC

LEDs are examined (recently announced, high performance GaN/In,Ga;_,N/GaN
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LEDs are discussed in the following section). The low quantum efficiency of
these devices is compounded by the sharp dropoff in the eye response for wave-
lengths shorter than that of green light. The best SiC LEDs today have lumi-
nous efficiencies of roughly 0.03 lumens/watt [15], 1000 times lower than the best
Al _Ing5xGags<P LEDs. Again, the low efficiency is due to the indirect nature
of SiC. Because of the fundamentally poor radiative recombination efficiency of
indirect bandgap semiconductors, it is unlikely that the SiC, GaP, GaP:N or
Al;_yIng5xGag 5P technologies will be able to achieve significant improvements
in the efficiencies of green or blue LEDs in the near future. Thus, new materials
which have direct bandgaps at the shorter blue and green wavelengths must be
investigated. The history and current status of these research efforts are discussed

in Section 1.2.4.

1.2.3 Wide Bandgap LED Design Issues

For better understanding of Sections 1.2.4 and 1.2.5, a brief discussion of wide
bandgap LED design issues is given below. In its simplest from, an LED consists
of only a p-n homojunction as shown in Figure 1.3.  Figure 1.3(a) shows the
conduction and valence band edges and Fermi levels for the n- and p-type regions
before charge redistribution occurs. Upon charge redistribution, at zero bias, the
band profiles are as shown in Figure 1.3(b). Applying a forward bias to the device
forces electrons into the p-type material, resulting in radiative recombination of
electron-hole pairs, as show in Figure 1.3(c). Similarly, holes forced to the left in
Figure 1.3(c) recombine radiatively with the electrons in the n-type material.
This simple p-n homojunction design is sufficient for narrow bandgap (long
wavelength) LEDs. However, it is much more difficult to implement this design
for a wide bandgap LED, since wide bandgap semiconductors are generally very
difficult to dope both n- and p-type. Until very recently it was not possible to

dope direct wide bandgap semiconductors both n- and p-type to sufficient levels



Figure 1.3: Schematic diagram of the operation of a simple p-n homojunction
LED. The band profiles and Fermi levels are shown prior to and after charge
redistribution in (a) and (b) respectively. At forward bias carrier injection occurs,
resulting in radiative recombination, as shown in (c). Dashed lines denote the hole

and electron Fermi levels.
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to afford low resistance ohmic contacts and low series resistance devices. As a
result of the inherent difficulties in amphoteric (both n- and p-type) doping of
wide bandgap semiconductors, it has been necessary to go to more sophisticated
LED structures. Some of these approaches address contacting problems directly
using, for example, highly doped graded regions [16]. Other approaches address
the doping problem by using heterojunctions of easily doped semiconductors.

In either case, we must now examine material parameters that were not of con-
cern when dealing only with p-n homojunctions. The three primary parameters
that need to be assessed are the lattice parameter, band alignment and dopability,
which can be displayed together in a McCaldin diagram [17], shown in Figure 1.4.
In McCaldin diagrams each semiconductor is represented by a vertical line with
length proportional to its bandgap. The vertical position of each line is determined
either by experimental measurements or theoretical predictions of band alignments;
the horizontal position is determined by the lattice parameter. Dopability is in-
dicated by filled triangles (n-type dopable) and filled squares (p-type dopable).
Empty symbols indicate poor dopability. Using McCaldin diagrams then, it is a
straightforward procedure to determine if a combination of semiconductor materi-
als satisfies LED design constraints, at least to first order. These constraints require
that: 1) the LED structure be closely lattice matched, 2) the band alignments of
the semiconductor be amenable to efficient carrier injection into a semiconductor
with the desired bandgap, and 3) both n- and p-type doping be sufficient for ohmic
contacting and low series resistance. For example, an n-ZnSe/p-ZnTe heterojunc-
tion is unlikely to perform well because of the large lattice mismatch between ZnSe
and ZnTe which will result in a high defect density. Similarly, an n-AISb /p-ZnTe
heterojunction has band alignments that favor carrier injection into the indirect,
narrower bandgap AISb layer. More detailed usage of McCaldin diagrams will be
given in Chapter 2.

Another design issue that is important for LEDs and critical for LDs is that

of availability of quantum wells (QWSs) and confining regions. In LEDs, these can
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be used to significantly increase the efficiency of the device, while in LDs they
are essential to achieve lasing. Separate confinement heterostructure (SCH) LDs
require a QW, confining layers and cladding layers, all with the same, or nearly
the same lattice parameter.

Extraction of the emitted light is an issue that will be dealt with in more
detail in Chapter 4. The only point to be made here is that the absorption of
light by semiconductors with bandgaps smaller than the energy of the emitted
light is detrimental to device performance and must be accounted for in the design
evaluation. This is important both for the epilayers and for substrates, since as
will be seen in the next section, the difference between absorbing and transparent
substrates can lead to a significant change in external quantum efficiency.

One other technical issue is the availability of lattice-matched substrates. Grow-
ing a device on a highly mismatched substrate will result in heavily dislocated layers
which, in general, leads to poor device performance. A notable exception to this
is the GaN/InyGa;_4N/GaN developed by Nichia [18]. Details of the exceptional
performance of these devices despite relatively poor material quality will be given

in Section 1.2.4.

1.2.4 History and Current Status of Research Efforts

In Section 1.2.2, the status of existing commercial LED technologies was described,
and the need for research efforts into new materials systems in order to achieve
high efficiency blue and green LEDs was justified. Progress for two of these efforts
has been very rapid over the past few years, so the history and current status of
both efforts will be described. The first is the ZnSe-based system which had early
successes with the development of LDs and high efficiency blue and green LEDs.
The second effort is based on the GaN/InN/AIN material system, for which recent
results report high efficiency, long lifetime blue and green LEDs.
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ZnSe

The majority of II-VI wide bandgap light emitter research is focussed on the
ZnSe material system. There are a number of features of ZnSe that initially made
it a very favorable material to investigate, including its close lattice match to GaAs
substrates, a bandgap in the blue and favorable band alignments to n-GaAs for
electron injection. The main challenge initially encountered was to achieve p-type
doping. Many different dopants were tried, but only two were even moderately
successful. The first successful p-type doing of molecular-beam epitaxy (MBE)
grown ZnSe was reported by researchers at 3M [19], who used lithium doping to
obtain a maximum hole concentration of 3.6 X 10'® cm~3. Eventually, net acceptor
levels of roughly 1x 107 cm™3 [20] were obtained; however, this was still insufficient
for good ohmic contacting, and the possibility of Li diffusion cast doubt on the
long term suitability of Li as a p-type dopant for ZnSe. In addition, efforts to dope
ZnSe with nitrogen were beginning to achieve some impressive results, so as a result
interest in Li doping waned. By 1990 N-doped p-ZnSe with hole concentrations
greater than 1 x 10" cm™3

epitaxy (MOMBE) [21] and MBE [22, 23]. Since then, despite the efforts of many

was obtained using both metalorganic molecular-beam

research groups around the world, the hole concentrations achieved in ZnSe using
N have saturated at roughly 1 x 10'® cm™3 [24], with observation of high levels
of compensation. While these hole concentrations are sufficient for the epilayers
within LED and LD structures, they are insufficient for good ohmic contacting, as
will be discussed below.

Despite the contacting problems, the successful p-type doping of ZnSe led to
the first ever blue-green LD, operating under pulsed current injection at 77 K and
a threshold voltage of 20V [25]. Understandably, research into ZnSe intensified
considerably as a result of this report, and soon groups from around the world
were presenting ZnSe-based LD results. Many publications reported marginal im-
provements in device structure, and/or performance; however, it wasn’t until the

issues of cladding layers, ohmic contacts and obtaining pseudomorphic structures
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were addressed that truly significant improvements in device performance were
obtained.

The proposal and characterization of Zn;_,Mg,S,Se;_, quaternary layers as a
suitable cladding layer for ZnSe LDs was first presented by researchers at Sony [26].
The use of the Zn;_,Mg,S,Se;_, cladding layers was advantageous because the
bandgap and lattice constant could be independently varied. Also, the wavelength
of light emission could be more freely adjusted to shorter wavelengths because of
the large bandgap attainable by Zn;_,Mg.S,Se;_,. These benefits soon resulted
in the first blue LD, operating under continuous wave (CW) operation at 77 K
[27], the pulsed operation of pseudomorphic blue-green LDs up to temperatures
as high as 394K [28], and the lasing of photopumped blue (464.5 nm) double
heterostructure lasers up to 500 K [29].

The issue of ohmic contacting continued to be a problem in these improved
devices, which still operated at voltages in excess of 10 V. In addition to annealing
schemes, a number of other more sophisticated approaches have been proposed
to improve the contact to the p-type ZnSe. The first of these was proposed by
Schetzina et al. at North Carolina State University [30]. Taking advantage of the
semimetallic nature and large electronegativity of HgSe, they were able to fabricate
LEDs with low turn-on voltages using a metal/HgSe/p-ZnSe contacting scheme.
The 4.4 V operating voltage of the LEDs produced was significantly better than
the 6-10 V typically required at the time. A further improvement, reported in the
same paper, makes use of a metal/HgSe/graded ZnTe;_,Se,/p-ZnSe contacting
scheme.

Shortly thereafter, researchers at Brown/Purdue [16] reported a pseudograded
bandgap contacting scheme using alternating layers of p-ZnTe/p-ZnSe in which
the thickness of the ZnTe layers became progressively narrower and the thickness
of the ZnSe layers, progressively wider as the bulk p-ZnSe was approached. This
technique was successful in producing contact resistances of 2 to 8 x 1073 Q cm?,

which is considered acceptable for contacts to LEDs and LDs. The operating
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voltage of the LDs using this contacting scheme was reduced considerably to 15-
17 V from approximately 30 V. However, this was still higher than the operating
voltages obtained at that time by other groups which were not using a graded
contacting scheme.

Researchers at Sony also presented an approach using ZnTe/ZnSe multiquan-
tum wells to achieve low contact resistances [31]. Their approach was similar to
that used at Brown/Purdue, except that the thicknesses of the ZnTe QWs were ad-
justed so that, accounting for bandbending, the lowest energy level of holes in each
ZnTe QW was aligned with the top of the ZnSe valence band. By doing this, reso-
nant tunneling through the multiquantum well structure is enhanced over a simple
pseudograded ZnTe/ZnSe structure. However, the contact resistances achieved
using this method were 5 x 1072 2 cm?, higher than those obtained using the pseu-
dograded structure. This effect may have been due to the overall lower doping
levels used in both the ZnTe and ZnSe layers for the multiquantum well structure.

Finally, a BesZn;_,Te,Se;_, graded bandgap ohmic contacting scheme was
proposed by Philips [32] and Xerox [33]. Although no experimental data was
presented, this approach is theoretically feasible and has all the benefits of the
ZnTe/ZnSe contacting schemes with the additional advantage of maintaining full
lattice match to the device layers throughout the contacting layers.

The improvement in LED performance using the HgSe and ZnTe/ZnSe con-
tacting schemes is shown in Table 1.1. This table shows the progression of LED
results for both the ZnSe-based material system and the GaN-based material sys-
tem. In 1992, researchers at Brown/Purdue reported both blue and blue-green
LEDs [34, 35]. These LEDs did not implement the pseudograded ZnTe/ZnSe con-
tacting scheme as evidenced by their high operating voltages (7-20 V), and had
relatively poor efficiencies. Later, in 1993, green and yellow LEDs implementing
the ZnTe/ZnSe pseudograded contact were reported with operating voltages of
approximately 6 V [36]. At roughly the same time, blue and green LEDs incorpo-
rating the HgSe contact were reported with low operating voltages (roughly 3.7 to
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3.8 V) but again having relatively low efficiencies [37].

More recent results by the same group show similar current-voltage character-
istics, but much improved external quantum efficiencies of 5.7 to 6.2 x 1073, at-
tributed to improved growth procedures which reduced the number of non-radiative
centers in the active layers [38]. These efficiencies were much better than current
commercial LEDs; however, the device lifetimes were still inadequate, with even
the best devices degrading by 60-65% after 250 hours. The latest devices from
the same group, also shown in Figure 1.5, use ZnSe instead of GaAs substrates.
Efficiencies as high as 3.2% have been obtained, with lifetimes increasing to over
1000 hours despite higher defect densities than in previous structures [39].

The incorporation of both the pseudograded and the multiquantum well
ZnSe/ZnTe contacting schemes has also resulted in improved performance of LD
structures. Recent results for the pseudograded contact show respectable threshold
voltages and current densities of 4.2 V and 600-1100 A/cm?, respectively for 509
nm LDs. Device lifetimes at room temperature were > 20 seconds [40]. Blue (489.9
nm) and green (523.5 nm) LDs incorporating the multiquantum well ZnSe/ZnTe
contacts show thresholds of < 4 V and 400 A/cm?, and room temperature CW
operation for greater than 9 minutes [41].

The main challenge remaining for both LEDs and LDs is the issue of device
degradation. One study by the researchers at 3M [42] showed that the LED and
LD degradation was caused by the propagation of crystal defects from the vicinity
of pre-existing defects, such as stacking faults. This was shown to lead to the
formation of dark line defects. Another study [43] showed that N-doping of ZnSe
can lead to a higher occurrence of stacking faults. Thus, it may be that the poor
device lifetimes in the ZnSe-based structures are related to the N-doping of the Se
layers, especially considering that highly p-doped ZnSe is very difficult to achieve
and is heavily compensated. Another possibility is that strain and interdiffusion
at the GaAs/ZnSe interface results in increased defect densities which adversely

affect device lifetimes. LED results presented recently [39] support this, and LD
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structures grown on ZnSe substrates are currently being investigated to test this
hypothesis [44]. It is also possible that greatly improved lifetimes will be achieved

simply by improving growth and fabrication procedures to reduce defect densities.

GaN/AIN/InN

GaN/AIN/InN is both a promising and a challenging material system for LED
and LD design. Some attributes of this system include the large range in bandgaps
(1.9 eV for InN, 3.4 eV for GaN, and 6.2 eV for AIN, all for wurzite crystals) and the
robust nature of the materials. The challenges lie in the lack of a lattice matched
substrate, obtaining p-type dopability, as well as in processing difficulties resulting
from the resistance of the materials to wet chemical etches. Detailed reviews of the
nitride material system and early results can be found in References [45, 46, 47].
We now give a brief review of the recent progress in nitride development.

As late as 1989, there still remained many obstacles to the development of
nitride LEDs and LDs: p-type doping was still unattainable, material quality was
poor and heterostructure growth was still undeveloped. Also, most structures at
the time were grown on sapphire substrates which has a large lattice mismatch to
GaN. Metal insulating semiconductor (MIS) structures had been fabricated, but
no p-n homojunction LEDs had yet been produced. In 1989, however, Amano et
al. [48] made a significant advance with the announcement of p-type conduction
in Mg-doped, OMVPE grown GaN, using a low-energy electron beam irradiation
treatment (LEEBI). As grown, the Mg-doped GaN is highly resistive, but after the
LEEBI treatment the resistivity dropped by more than five orders of magnitude.
Using this LEEBI treatment Amano et al. were able to fabricate the first ever p-n
homojunction LED in the nitride system.

At the time, a thin AIN buffer layer was required to obtain reasonable GaN
growth [49], due to the large lattice mismatch between GaN and the sapphire
substrates being used. Using this technique, x-ray rocking curves with full width

half maximas (FWHMs) as low as 2 arc minutes were attainable. In 1991 Nakamura
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showed that a low temperature GaN buffer layer could also be used to obtain
GaN layers of reasonable quality (FWHMs of approximately 5 arc minutes) [50].
Improvements on this technique led to the development of GaN p-n homojunction
blue LEDs with external quantum efficiencies of 0.18% and good current-voltage
characteristics [51] (see Table 1.1). The efficiencies of these devices were already
much better than the efficiencies of commercial SiC blue LEDs. At roughly the
same time, investigation of InGaN growth was yielding films of relatively high
quality [52]). These advances, combined with the growth of high quality Si-doped
n-InGaN films [53], eventually led to the demonstration of p-GaN/n-InGaN/n-GaN
blue [54] and violet [55] LEDs. The active region in these devices was Si-doped
InGaN, producing luminescence between 411 and 440 nm with FWHMs of 22-
26 nm. While the external quantum efficiencies were 0.15-0.22%, current-voltage
characteristics were poor. This was attributed to high resistivity of the p-type GaN
layer, even after LEEBI treatment. Work on LED structures using AIN buffer
layers had also progressed considerably during this time, with a report in 1993
by Akasaki et al. of ultra-violet LEDs with efficiencies of 0.33% under a forward
current of 90 mA and bias of 5.0 V [56]. These results were quite respectable but
would soon be bettered by the results of Nakamura and co-workers.

Their first development was the improvement of p-type conductivity in GaN
using No-ambient thermal annealing [57, 58]. It was concluded that acceptor-H
neutral complexes was the cause of the high resistivity in Mg-doped GaN, and
that both the No-ambient thermal anneal and the LEEBI treatments lower the
resistivity by removing the hydrogen from the GaN film. The second development
was the successful Zn-doping of p-InGaN [18]. These two developments led to the
first demonstration of candela-class InGaN/AlGaN blue LEDs [18] with external
quantum efficiencies of 2.7%. This is roughly two orders of magnitude better than
commercial blue SiC LEDs. Recent versions of this device [59] (see also Figure 1.5)
have an external quantum efficiency of 4.4% and luminous intensity of roughly 2.8

candela, operating at an injection current of 30 mA at 3.8 V. Blue-green LEDs in
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Ref. Active Comment A Ext. Qu. | Vo, Jop Lifetime
Layer (nm) | Eff. (%) | (V) | (A/cm?)| (hours)
(a) ZnSe-based
[34] | CdZnSe* — 506 | 001 | 7 4 —
35] | ZnSSe* — 494 0.1 20 1 —
36] | CdZnSe:Te* |  — | ~486| — |[>10| — —
— ~ 560 0.03 >10 — —
[36] | CdZnSe:Te | “graded” | ~486 | <0.03 6 4 —
~560 | <0.03 6 4 —
[37) | ZnCdSSe HgSe 480 0.03 3.7 4 —
ZnTeSSe ~ 504 0.05 3.6 20 —
[38] | ZnCdSSe | HgSe | 490 | 057 | 3.7 4 102
ZnTeSSe ~ 506 0.62 3.8 4 102
[39] | ZnTeSSe HgSe | 510 32 | 4.0 16 10°
ZnSe sub.
(b) Nitride-based
[51] GaN GaN buf. | ~430 0.18 4 6.7 —
[54] | InGaN:Si 440 0.22 19 6.7 —
[56) GaN AIN buf. | 372 0.33 ) — —
[18] | InGaN:Zn | GaN buf. | ~450 | 27 | 3.6 | 6.71 10*
Anneal
[59] | InGaN:Zn | GaN buf. | ~450 | 4.4 | 3.8 | 10f 10
Amneal | ~500| 14 | 37| 1o 10*
Table 1.1: Recent Progress of (a) ZnSe-based and (b) GaN-based LEDs. Tildes
before a specified wavelength indicate a broad emission peak (> 50 nm). Dashes

indicate that the quantity was not specific in the reference.

* Indicates p-type GaAs substrates used so no contact was made to p-ZnSe.

T Assumes device size unchanged from Reference [54].
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this system have also been recently demonstrated with injection currents of 30 mA
at 3.7 V and external quantum efficiencies of 1.4%. Device lifetimes for both the
blue and the blue-green LEDs are several tens of thousands of hours.

Despite these spectacular results, there are still many issues that need to be
addressed in the nitride system. For example, the emission linewidths in the recent
nitride devices are very broad (70-80 nm) which is not conducive to achieving
lasing. Also, the material quality is still very poor, primarily because of the lack
of a lattice matched substrate. Some early work in this area on the growth of
thick (200-400 pm) GaN layers appears promising [60]; however, no commercial
lattice matched substrates for GaN exist as of yet. Another issue that needs to
be addressed is device processing; since GaN cannot be etched by standard wet
chemical processes, reactive ion etching procedures must be explored. Finally,
there is still much work to be done on the lower temperature growth of nitrides

using MBE, which is still in the early stages of development.

1.2.5 Introduction to Graded Electron Injector

A brief description of the graded electron injector is given here as an introduction;
a more detailed description of its operation is given in Chapter 2. As was pointed
out above, the initial challenge for groups pursuing wide bandgap LEDs was to
obtain both p- and n-type dopability. In the case of GaN efforts, an additional
difficulty exists due to lack of lattice-matched substrates. In both the ZnSe and
nitride systems, amphoteric (both p- and n-type) doping has been achieved at
least to first order. However, it is still possible that the poor device lifetimes
in the ZnSe-based devices will remain a problem for some time, and that broad
luminescence from deep acceptor levels as well as poor material quality in the
nitrides will preclude LD structures.

In anticipation of the difficulties associated with forcing amphoteric doping,

the approach used in the graded electron injector was to form a heterojunction of
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one n-type and one p-type dopable semiconductor, while satisfying the constraints
of close lattice match and carrier injection into a semiconductor with the desired
bandgap. One promising pair of semiconductors that satisfies both the dopability
and lattice match constraints is CdSe and ZnTe. CdSe can be easily doped n-
type, while ZnTe can be doped p-type, and the two semiconductor have a lattice
mismatch of only 0.4% (Figure 1.4). To obtain carrier injection into the wider
bandgap, ZnTe material requires the insertion of a graded Mg, Cd,_,Se layer to
facilitate electron injection into the ZnTe layer, while blocking holes from entering
the lower bandgap CdSe region. A schematic diagram of the operation of this
device is shown in Figure 1.6.

The main challenge in the graded electron injector approach lies in optimizing
the graded Mg,Cd;_4Se layer, not in obtaining amphoteric doping as was the case
initially in the ZnSe- and nitride-based systems. For ideal operation, the conduc-
tion band edge of MgyCdi_xSe must line up with the conduction band edge of
ZnTe at the Se/Te interface. The ideal composition of Mg,Cd; _,Se to accomplish
this depends on both the bandgap of MgSe and the band alignment of Mg,Cd;_,Se
to ZnTe. Thus, optimization of the graded injector design requires characteriza-
tion of the properties of Mg,Cd;_,Se ternaries, and careful design of the graded
injector layer itself. Characterization of materials properties is also required, using
such techniques as XRD, TEM, and SIMS. Current-voltage, electroluminescence,
photoluminescence, efficiency and device lifetime measurements are also needed in

order to evaluate LED device performance.



27

E 2.25 eV

0.64 th C

NN

-Cdas Graded -
N-CdSe MgCdSe p-Znle

Figure 1.6: Schematic diagram showing the CBE and VBE for the graded in-
jector device at flatband. The graded Mg,Cd;_,Se region facilitates electron in-
jection into the higher bandgap material. The valence band offset between the
Mg,Cd;_xSe and the ZnTe epilayer remains abrupt, blocking hole injection into

the narrower bandgap CdSe material.
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1.3 The Mixed Anion InAs/GaSb Heteroin-

terface

1.3.1 Motivation

The InAs/GaSb/AISb material system is of interest because it has a number
of technologically significant applications, and is also relevant to fundamental
studies of mixed anion interfaces. Applications of the this material system in-
clude: InAs/AlSb oscillators operating at frequencies greater than 700GHz [61],
novel InAs/AlSb/GaSb [62, 63, 64] and InAs/GaSb [65] based tunnel structures,
InAs/Ga; _4In,Sb IR SL detectors [66, 67], high power GalnAsSb/AlGaAsSb
LDs operating at wavelengths useful for fiber optics communication [68] and
InAs/AISb/GaSb based quantum effect transistors [69]. One reason that the
InAs/GaSb/AlSb material system is of such interest is because of the flexibility in
band alignments that can be obtained without having to sacrifice lattice-match.
This is shown in Figure 1.7(a), where we see that a variety of band alignments can
be formed in this system. Other material systems of technical interest could also
benefit from general studies of mixed anion interfaces. These include GaInP/GaAs
heterojunction bipolar transistors (HBTs) [70, 71] and lattice matched heterojunc-
tion InP/GalnAs/InP LDs [72, 73]. Interface characteristics are important in these
two material systems as well, and the effect of interface composition and growth or-
der on the valence band offset has been investigated [74]. The application directly
motivating our investigation of the InAs/GaSb interface is the IR SL detector,
which makes use of the type II band alignment for InAs/In,Ga;_,Sb. More details
concerning this device are given in the following section.

For many of the applications mentioned above, parameters such as interface
abruptness, interface composition and band alignments can have a large effect
on the performance of the device. For example, cross-incorporation of the an-

ion species can result in shorter carrier lifetimes and poor material quality, while
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the interfacial composition affects the strain configurations at the interface which
changes the type and level of background doping, as well as the SL bandgap [75].
Furthermore, the interface composition in the InAs/AlISb system can also affect
the carrier mobility, carrier concentration, and the InAs/AlISb valence band offset
[76, 77]. Thus, for the purposes of device applications, it is critical to be able to
grow arsenide/antimonide structures with no anion cross-incorporation and with
abrupt, composition-controlled interfaces. However, atomic level control of the in-
terface properties is very difficult because of the range of bond strengths, surface
free energies and bond lengths in the InAs/GaSb system. In addition, III-V struc-
tures are typically grown with group V overpressures, since their vapor pressures
are much larger than those of group III elements which results in lower sticking
coefficients. For growth of mixed anion structures, this overflux of the group V
component becomes a problem and can lead to cross-incorporation of the anion
species as well as difficulty in controlling the interface composition. Details of these

issues are presented in section 1.3.3.

1.3.2 InAs/In,Ga;_,Sb IR SL Detectors

Uses for IR detectors include not only military and civilian surveillance appli-
cations, but also satellite monitoring of the earth’s temperature, IR astronomy,
chemically sensitive monitoring of the atmosphere for pollution control purposes
and medical imaging applications [78].

The strained layer InAs/In,Ga;_Sb IR SL detector was first proposed by Smith
and Mailhiot in 1987 [66]. The basic operation of this device relies on the type I
nature of the InAs/GaSb band offset. Since the conduction band minimum of InAs
lies below the valence band maximum of GaSb (see Figure 1.7(a)), a superlattice
constructed from these semiconductors can potentially have an effective bandgap
that is much smaller than either of the two constituent semiconductors, which is

desirable for long wavelength detection applications. This is seen in Figure 1.8(a)
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where the InAs and GaSb band edges and the hole and electron probability density
functions are shown schematically on the same plot. Note that the probability and
energy plots are superimposed in this figure for visualization purposes only, and
that the SL bandgap is determined by the energies of the electrons and holes whose
probability density is shown, not by the minima and maxima in the probability
density plots. We see that for sufficiently short SL periods, the wavefunction of an
electron in the InAs well will penetrate into the GaSb layers on either side of the
well. Similarly, holes in the GaSb will have a finite probability density in the InAs
layers. The effective SL bandgap then becomes the difference in energy between
the lowest-energy electron state in the InAs and the highest-energy hole state in
the GaSb. This is represented by the shaded region in Figure 1.8(a). Note that
the effective SL bandgap will increase with shorter SL periods due to quantum
confinement effects which increase the minimum electron energy and decrease the
maximum hole energy. However, to obtain the narrow bandgaps needed for long
wavelength (> 10 um) detection, the layers become so thick that the wavefunction
overlap and the optical matrix elements become too small for detector applications
[79].

Smith and Mailhiot’s proposal was to replace the GaSb in the SL with
In,Ga;_,Sb. Since GalnSb and InAs are not lattice matched, the individual layers
in the SL will be strained, splitting the valence bands and changing the bandgaps
as shown in Figure 1.8(b). We see in this figure that while the tensile strain in
InAs causes the light hole (LH) band to shift up and the heavy hole (HH) band to
shift down and reduces the bandgap, the compressive strain in In,Ga;_,Sb splits
the HH band up and the LH band down and increases the bandgap. The net effect
is an increase in the energy separation between the bottom of the InAs conduction
band and the top of the In,Ga;_,Sb HH band. This results in a decrease in the
effective SL bandgap for a given set of layer thicknesses, as shown in Figure 1.8(b).
Thus, the strained layer IR SL detector design proposed by Smith and Mailhiot

should, in theory, result in long wavelength detectors with short SL periods and
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therefore reasonable optical matrix elements.

1.3.3 Challenges and Issues for Mixed Anion Interfaces

In addition to the reasons given in Section 1.3.1 for studying the InAs/GaSb
interface, motivation exists to determine the cause of the short lifetimes in
InAs/In,Ga;_,Sb IR SL detectors. In theory, these detectors have several advan-
tages over other long wavelength IR detector technologies, including the current in-
dustry standard, Hg,Cd;_yTe detectors. Benefits offered by the InAs/In,Ga;_,Sb
system include: (a) smaller leakage currents due to the decoupling of bandgap
and effective mass, allowing for detectors with small bandgaps but large effective
masses, (b) more precise control of uniformity, since the detection wavelength is
determined primarily by layer thicknesses rather than ternary composition, (c)
compatibility with more well developed III-V processing technologies and (d) sup-
pression of Auger processes which limits the upper limit on detectivity in detectors
[80].

Another competing technology is the GaAs/Al,Ga;_,As quantum well infrared
photodetector (QWIP) [81]. However, despite recent advances in this approach
[82], calculations have shown that the limiting performance of QWIPs will be
significantly below that of Hg,Cd;_,Te devices [83].

Despite the apparent advantages of the InAs/In,Ga;_,Sb IR SL design, detec-
tors competitive with Hg,Cd;_,Te technologies have not yet been fabricated in this
system [84]. This poor performance has been attributed to the shorter extrinsic
lifetime in InAs/In,Ga;_,Sb IR SL devices, due to the presence of Shockley-Read-
Hall (SRH) centers [80]. One possible explanation for this is that the generation
of SRH centers is somehow related to difficulties in controlling the mixed anion
As/Sb interface, which could result in antisite defects.

Figure 1.9 shows schematically why the control of this mixed anion interface

is so difficult. Details of the mechanisms of InAs/GaSb interface formation are
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may change such quantities as carrier mobility, carrier concentration, and band
alignment. (b) Schematic of the two possible growth orders. Some of the effects
that may affect interface abruptness and cross-incorporation are bond strengths,
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35

analyzed in Chapters 5 and 6. Figure 1.9(a) shows an obvious complication in-
troduced with mixed anion interfaces. Since there is no common element across
the interface, two possible interface compositions may be formed; in the case of
InAs/GaSb, both InSb-like and GaAs-like interfaces are possible. Figure 1.9(b)
shows the two possible growth orders available: InAs-on-GaSb and GaSb-on-InAs.

Other, somewhat more subtle mechanisms influencing interface formation are
differing bond strengths, bond lengths and surface free energies, all of which can
affect the dynamics and chemistry of interface formation. For example, in the
InAs/GaSb material system, the very strong GaAs bond could drive the exchange
of Sb with As in GaSb layers, the strong surfactant nature of Sb could influence
interface abruptness and the large lattice mismatch (~ 6-7%) between GaAs and
InSb with respect to GaSb could also have a large effect on interface formation. In
light of these factors, growth of the mixed anion InAs/GaSb interfaces is very chal-
lenging and requires systematic characterization to achieve proper control of the
interface properties. It should be noted that many of the difficulties in controlling

the InAs/GaSb interface are common to other mixed anion systems as well.

1.3.4 Characterization Techniques

Due to the very small length scales that are of interest in studies of interface abrupt-
ness, it is very difficult to obtain a good measure of interface quality using only one
characterization technique. In the studies presented in Chapters 5 and 6 a number
of experimental techniques (XPS, RHEED, cross-sectional scanning tunneling mi-
croscopy (STM), and SIMS) were utilized in order to characterize the InAs/GaSb
interface. Since results in this thesis deal primarily with the XPS and RHEED
studies, brief overviews of these two techniques are given here. Cross-sectional
STM and SIMS studies are presented only in Chapter 6; therefore, description
of the respective techniques are given there. It should be emphasized that the

RHEED, STM and SIMS studies were all performed by other researchers.



36

Figure 1.10 shows a schematic drawing of a typical XPS setup, with a represen-
tative XPS binding energy spectrum. In the X-ray source, electron bombardment
of a metal target, typically Mg or Al, produces X-rays including Koy o lines at
energies of 1253.6 eV and 1486.6 eV respectively. The Ko line is used because it
accounts for roughly one-half of the X-rays produced by the electron bombardment.
The shape of this line without a monochrometer is asymmetric with a FWHM of
~ 1.0 eV for Al and ~ 0.8 eV for Mg. If a monochrometer is used, this can be
reduced to 0.3-0.4 eV. The X-rays impinge on the sample, ejecting photoelectrons
from the core levels within the sample. The photoelectrons detected at the electron

spectrometer have a kinetic energy determined by
h«V = Eb + ¢sp + Tsp, (1.1)

where hv is the incident X-ray energy, Fj is the binding energy of the core level from
which the photoelectron was ejected, ¢, is the work function of the spectrometer
and T, is the photoelectron kinetic energy measured at the spectrometer. Thus, for
a given X-ray source and spectrometer work function, measuring the photoelectron
kinetic energy determines the binding energy of its respective core level allowing
chemical identification as shown in Figure 1.10. Both the binding energy and
relative intensities of core level peaks are used in XPS data analysis. It should
be noted that for the X-ray energies typically used in XPS, the photoelectron
escape depths are tens of angstroms, thus XPS is a near-surface chemical analysis
technique.

A schematic diagram of a typical RHEED setup is shown in Figure 1.11. In
RHEED, high energy electrons (~ 10 keV) impinge on the sample surface at graz-
ing angles. Since the surface of crystalline samples have characteristic periodicities
in certain directions, the electrons will diffract from the sample surface with a
characteristic pattern which is captured by a phosphor screen. The RHEED pat-
tern on the phosphor screen can then be analyzed in real time, or captured and

digitized for later analysis. Since the electrons have very shallow incident angles
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(1-3°), they penetrate only ~5 A into the sample, so RHEED effectively measures
only very near surface structure.

Three main pieces of information can be extracted from a RHEED pattern:
the surface reconstruction pattern, the specular streak intensity and the streak
separation. The surface reconstruction pattern is due to the rearrangement of
the surface atoms to terminate dangling bonds. This surface reconstruction can
change significantly depending on the exact growth conditions, so it is useful in
monitoring the effect of parameters such as substrate temperature and flux ratios.
The specular streak intensity varies as each layer proceeds through various stages
of nucleation. Partial nucleation results in surface roughness which reduces the
specular streak intensity. This feature can be used to monitor growth rates and
changes in growth modes. While the steak separation can also be obtained from
RHEED patterns, it is more difficult to extract conclusive information from this

quantity.

1.4 Outline of Thesis

The thesis is divided into two parts. Part I (Chapters 2-4) describes work that has
been performed on the II-VI graded injector LED. Simulation results, materials
characterization and device fabrication issues will be discussed. Part II of this the-
sis (Chapters 5-6) describes the characterization of the InAs/GaSb heterointerface.
Most of the work presented is based on XPS analysis; however, results from other
characterization techniques will also be discussed.

Chapter 2 describes in detail the design and operation of the graded electron
injector LED, as well as other proposed devices. Simulations based on the Drift-
Diffusion model are used to determine the feasibility of a variety of device designs,
including one that does not perform optimally, two that have been experimen-
tally implemented and others that have not yet been implemented. Details of the

model, which was modified from the standard Drift-Diffusion model to account for
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heterostructures, are presented.

In Chapter 3 of the thesis XPS measurements of the MgSe/Cdy 54Zng 4¢Se and
MgTe/Cdg gsZng.12Te valence band offsets are presented. Background on the meth-
ods used to measure valence band offsets using XPS are given. Also specific details
of the sample growth and XPS measurements and data analysis are presented. The
implications of the measured band offsets on current II-VI light emitter design are
discussed.

In Chapter 4, we present materials characterization studies and the latest device
results. XRD, TEM and SIMS studies of the graded electron injector are presented.
Potential materials problems brought to light by these characterization techniques
are discussed. The most recent current-voltage, electroluminescence and efficiency
measurements of LED devices are given. Device degradation and device fabrication
issues are also addressed.

In Chapter 5 surface exchange reaction studies of the InAs/GaSb heteroin-
terface are presented. The exchange of As with Sb during Sb interrupts of InAs
surfaces, and the exchange of Sb with As during As interrupts of GaSb surfaces
are presented. The exchange reactions are studied using XPS and RHEED; details
of the technique are given. The implications of our results for IR SL detectors are
discussed.

Finally, Chapter 6 presents studies of the InAs/GaSb heterojunction. XPS
measurements of the InAs/GaSb valence band offset as a function of interface
type and growth order are presented. Implications of the results to both device
applications and interface studies of mixed anion systems are discussed. Lastly,
investigations of asymmetry in the abruptness of the InAs/GaSb interface using

XPS, RHEED, cross-sectional STM and SIMS are presented.
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Wide Bandgap Light Emitters
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Chapter 2

Light Emitter Simulation and
Design

2.1 Introduction and Outline

A fundamental problem in fabricating wide gap binary II-VI light emitting diodes
(LEDs) has been the inability to obtain both n- and p-type doping in these materi-
als by conventional doping techniques. Recently, this limitation has been partially
overcome by nitrogen plasma doping to produce p-ZnSe with hole concentrations
up to 10'® cm™3 [1]. Although such doping has led to the demonstration of the
first blue-green laser diodes [2], hole concentrations are still not high enough to
afford ohmic contacts to p-ZnSe. Researchers have developed sophisticated con-
tacting schemes such as pseudo-graded ZnSeTe layers [3], ZnTe/ZnSe superlattices
[4], and Hg-based contacts [5] in order to obtain a low resistance contact to p-ZnSe.
Thus, the realization of highly doped p-ZnSe is still a major obstacle to the further
development of ZnSe based LEDs and laser diodes. An alternative solution to the
dopability problem is to use a heterojunction formed between a naturally n-type
and a naturally p-type material.

In this chapter, we examine the simulation and design of II-VI heterostruc-
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ture LEDs based on n-CdSe and p-ZnTe. We choose these two semiconductors
because of their favorable dopability and close lattice match. The drift-diffusion
model, modified to account for heterojunctions, is used in our simulations. To
determine LED design feasibility, bulk and interfacial recombination are included
in the model. Details of the model are given in Section 2.2. Some of the more
important parameters accounted for in the design process are band offsets, lattice
mismatch, dopability, and interfacial effects. Where unknown, band offsets used in
the simulations are estimated using the common anion rule [6]. We emphasize here
that the simulation results are not dependent on the validity of this rule, as demon-
strated in one simulation in which an undesirable deviation from the common anion
rule is used. Details of the design methodology are discussed in Sections 2.2 and
2.4. Simulation results are presented in Section 2.4. A simple CdSe /ZnTe hetero-
junction is first presented, followed by a CdSe/Mg,Cd;_,Se/ZnTe heterostructure
design utilizing a graded injector to facilitate electron injection [7]. Next, a design
incorporating a Mg,Zn;_Te electron confining layer is presented. Finally, a de-
vice design that allows tunability of the wavelength of light emission from green to
blue is proposed and analyzed. Recent developments in the graded injector device
design and a proposal for a lattice matched quaternary-based LED structure are

presented in Section 2.5. Section 2.6 concludes the chapter.

2.2 Design Methodology

In the design of heterostructure devices, it is often useful to first examine a dia-
gram which simultaneously exhibits lattice parameters, band offsets, and dopabil-
ity for the materials of interest. The McCaldin diagram [8] of Figure 2.1 shows
the common wide bandgap binary II-VI compounds, along with other common
semiconductors for comparison purposes. The band offsets are those predicted by
Harrison’s linear combination of atomic orbitals (LCAO) method [9].

Examining Figure 2.1, we note first that none of the wide bandgap II-VI com-



o1

Energy (eV)
o

-1 O CdSe  °
ZnSe
O CEi]S
=2 r ZnS ]
Sy ) S SIS WA AT WA
5.4 5.6 5.8 6.0 6.2

Lattice constant (Angstroms)

Figure 2.1: McCaldin diagram for common semiconductors. Each material is repre-
sented by a vertical line with a square at the bottom, corresponding to the valence
band edge, and a triangle at the top, corresponding to the conduction band edge.
The horizontal position of each line is determined by the lattice parameter. The
length of each line scales with the bandgap of the material that it represents. The
vertical position of each line is determined by the respective valence band offset
calculated using Harrison’s LCAO method. Open triangles and squares represent
semiconductors that cannot be doped n or p type respectively using conventional

doping techniques. The zero of energy is chosen to be the valence band edge of

GaAs.
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pounds can be conventionally doped both n- and p-type, and only one, ZnTe, can
be conventionally doped p-type. Thus, it is logical that a wide bandgap LED de-
sign should incorporate ZnTe. Also, since interface states caused by dislocations
can have severely detrimental effects on the electrical and optical properties of a
device, it is highly desirable to have a device design that uses only nearly lattice
matched II-VI compounds. From Figure 2.1, we see that CdSe can be doped n-
type and has only a 0.4% lattice mismatch to ZnTe. Thus, an n-CdSe/p-ZnTe
heterojunction shows some promising characteristics for a wide bandgap LED. No
other combination of 1I-VI compounds allows for both a small lattice mismatch
and formation of a conventionally doped p-n heterojunction. However, the exper-
imental valence band offset between CdSe and ZnTe is 0.64 £ .07 eV [10], with
the ZnTe valence band edge higher than the CdSe valence band edge. Since the
CdSe bandgap is 1.74 eV, this gives a conduction band offset of roughly 1.15 eV,
resulting in a type II heterojunction which favors carrier injection into the smaller
bandgap CdSe layer [11]. The simulations in Section 2.4.1 confirm that a simple n-
CdSe/p-ZnTe heterojunction device suffers from interface recombination and hole
injection.

To improve on the simple CdSe/ZnTe device, we need first to examine the
properties of some magnesium based II-VI compounds. The McCaldin diagram
in Figure 2.2 shows the familiar binary II-VI compounds, as well as MgS, MgSe,
and MgTe. Mg,Cd;_«Se and MgsZn;_,Te ternaries are represented by the shaded
regions in this diagram. Again, the LCAO method is used to determine the valence
band offset in this diagram. In Chapter 3, XPS measurements of Mg-calcogenide
band offsets show that the valence band maxima of MgSe and MgTe lie below the
respective valence band maxima of Cdg 54Zng 46Se and Cdg ggZng 12Te; however, the
simulations in Section 2.4 were performed prior to these measurements and so used
band alignments based on the common anion rule. This assumption does not affect
the conclusion drawn from the simulation results; which is that the graded injector

concept is feasible, but it does influence the details of the LED structure, as will



53

4  RRREEEEE P T T T
3 -
T A
st
> 1+ A %
g
o
LS 0 SO0 TSROSO SN SO it e
-1 F E] MgSe CdSe i
I DZnSe 4 |
2 Z?S h’:gs 1 - I I 2l |

5.4 5.6 5.8 6 6.2 6.4 6.6

Lattice constant (Angstroms)
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represented by the two shaded regions.
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be discussed in Section 2.5.

The room temperature bandgap of MgTe is 3.57 eV [12]. The bandgap of
MgSe is more uncertain, with reported values ranging from 3.6 €V at 77K [13]
to 5.63 eV at 90K [14]. The first value gives a room temperature bandgap of
roughly 3.5 eV. In Chapter 4, the bandgap of MgSe is measured to be 4.54 eV
from studies of Mg,Cd;_,Se ternaries. The simulations in Sections 2.4.1 to 2.4.4
used the least favorable of the published values (3.5 V) for the bandgap of MgSe.
Again, this does not affect the basic operation of the LED structures simulated,
but is important for the proper fabrication of actual devices.

With the knowledge of the bandgaps and band alignments for MgSe and
MgTe, we now observe that the MgSe to CdSe valence band offset is such that
a Mg,Cd;_Se ternary of the proper composition can have a zero conduction
band offset to ZnTe while maintaining a valence band offset similar to that in
a CdSe/ZnTe heterojunction. From Figure 2.3, we see that by grading from CdSe
to Mg,Cd;_Se we should be able to form a region that will facilitate electron
injection into the ZnTe layer, while the valence band offset between Mg, Cd;_,Se
and ZnTe will continue to block hole injection. This will hold as long as the valence
band edge of Mg,Cd;_,Se is not more than a few tenths of an eV above the va-
lence band edge of CdSe, as confirmed by the measurements presented in Chapter
3. Thus, the operation of this device is not very sensitive to the validity of the
LCAO method or the common anion rule. This graded injector concept for wide
bandgap light emission was first proposed in Ref. [7]. Details of the operation of
this device and simulation results will be given in Section 2.4.2.

If we now study the Mg,Zn;_,Te ternary in Figure 2.2, we see that it has a large
conduction band offset and a small valence band offset to ZnTe. This allows us
to use Mg,Zn,_Te layers to confine electrons without significantly affecting hole
transport. Also, by forcing the bulk recombination to occur in a Mg, Zn; _, Te layer,
we can potentially extend the wavelength of light emitted from our device into the

blue. Sections 2.4.3 and 2.4.4 examine in more detail the use of Mg,Zn;_,Te layers
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Figure 2.3: Schematic diagram showing the conduction and valence band edges
for the graded injector device at flatband. The graded Mg,Cd;_,Se region facili-
tates electron injection into the higher bandgap material. The valence band offset
between the Mg,Cd;_,Se and the ZnTe epilayer remains abrupt, blocking hole in-
jection into the narrower bandgap CdSe material. Notice that the device operation
is fairly independent of the Mg,Cd;_Se to CdSe valence band offset as long as it

does not deviate from the common anion rule by more that a few tenths of an eV.
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in wide bandgap LEDs.

One major disadvantage of using these Mg-based ternary layers in the LED
designs is the large lattice mismatch that is introduced into the structure. One
possible approach which allows bandgap engineering without introducing signif-
icant strain is to use quaternary layers. Figure 2.4 shows some of the pos-
sible quaternaries available with lattice parameters near 6.1 A as well as the
Zn;_,Mg,S,Se;_y quaternary used in ZnSe-based LDs. Studies of devices incorpo-
rating Zn;_,Mg,Se,Te; _y and Cd;_MgySe,Te;_, quaternaries and issues relating

to the growth of Se/Te compounds will be presented in Section 2.5.

2.3 Model

Using the drift-diffusion transport equations, we can solve for the conduction and
valence band edges, as well as the charge and current densities as a function of
position. For a homostructure, the basic equations to be solved in the drift-diffusion
model are Poisson’s equation, the electron and hole current equations, and the
electron and hole continuity equations. In one dimension, assuming steady state

conditions and spatially constant temperatures, these are:

%:S(p_n+N;—-N;) (2.1)
Jp = elppE — er% (2.2)
Jn = epanE + eDng% (2.3)
(C%’ = —elU — eB(pn — n?) (2.4)
%— = eU + eB(pn — n?) (2.5)

where E is the electric field, e is the electron charge, n; is the intrinsic carrier
concentration, n and p are the electron and hole concentrations, and € is the

dielectric constant. D, p, and j refer to the diffusion constant, mobility and current
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58

density respectively, where the subscripts p and n refer to holes and electrons
respectively. B is the probability for radiative recombination and U is the indirect
recombination rate, described in detail below. N and N are the concentrations

of ionized donors and acceptors given by

Nqg
Nt = 2.6
¢ 7 14 2exp (Efn — Eg)/ksT) (2
N,
N (2.7)

* T 1+4exp ((Ba — Ey,) [loT)

where Ef,, and Ey, are the electron and hole quasi-Fermi levels, respectively. E,
and E, are the acceptor and donor ionization energies respectively. The electron
and hole quasi-Fermi levels are determined from the carrier concentrations using
standard Fermi-Dirac statistics.

The van Roosbroeck-Shockley method of equating equilibrium band-to-band
recombination and absorption rates [15] is used to estimate B. The optical ab-
sorption coefficient required for this calculation is determined as detailed in Ref.

[16]. The final expression for the radiative recombination rate is

3/2 4 o
o= (stnmy) o Gt ) B 09
where n, is the index of refraction, F, is the bandgap of the semiconductor, €, is
the permittivity of free space and c is the speed of light in vacuum.
The indirect recombination rate, U, for a single trapping level is given by

standard Shockley-Read-Hall statistics [17]:

2

np — n:
U= i . 2.9
(P +p1)T + (n+n1)7, (29)

where 7, and 7, are the electron and hole lifetimes, and n; and p; are given by
ny = Neexp((Ey — E.) [k T) (2.10)

b1 = N'vea:p((Ev - Et)/ka) (211)

N, and N, are the effective densities of states for electrons and holes respectively,

and E; is the energy of the trap level.
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To model heterostructures, equations (2.1) - (2.5) must be modified slightly
[18] [19] as follows:

FE de

dE e N
—_—= = — N~ — _—— 2.12
dz e(Nd Ny =n+p) € dx ( )
) dix+ E dp eD,pdN,
]p = e/J,ppE - [Lpp—'(“—#l - erE;; + Np diL’ (213)
. dx dn eD,ndN,
Jn = epnE — unnzv— + eDna—ag N @ (2.14)
&, _ :
e —ely — eU; — eB(pn — n}) (2.15)
x
djn 2
d_ =elUy + eU,; + CB(pTL — nl) (216)
T

where x and E, are the electron affinity and bandgap of the semiconductor. U,
and U; refer to the bulk and interfacial recombination rates.

The physical interpretation of the additional heterostructure terms in Equa-
tions (2.12) - (2.16) are given below. More detailed derivations and discussions of
the above heterostructure drift-diffusion equations can be found in Refs. [18] and
[20]. The last term in Equation (2.12) simply imposes continuity of displacement
at the interface between two different materials. The second term on the right-
hand side of Equations (2.13) and (2.14) is a drift component due to a so-called
quasi-electric field for holes or electrons [20] [21] . The hole quasi-electric field,

ld(X + E,)

2.
e dxr (2.17)

is an additional field influencing holes in graded regions and at interfaces, where
the valence-band has an additional slope due to valence-band offsets between the
materials in question. Similarly, electrons feel a quasi-electric field,
1dy
-, 2.18
edx (2.18)

due to conduction-band offsets. Known or estimated band offsets are used to de-

termine the positional variation of the electron affinity. The last term of Equation
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(2.13) is a diffusion-like term resulting from a position-dependent effective density
of states (DOS). This term causes holes to diffuse from regions of low DOS to
regions of high DOS. A similar term appears in Equation (2.13) for electrons. The
bulk recombination, U, is given by Equation (2.9). Finally, an additional inter-
facial recombination term has been added to Equations (2.15) and (2.16), since
interfacial recombination can have a significant effect on heterostructure device
operation. The interfacial recombination due to trap levels produced by dangling
bonds was implemented using a modified Shockley-Read-Hall model [19, 22], as

given below.

(np —n)
U, = : . 2.19
tlp+p1)/Sn +t(n+n41)/S, (2.19)

where

Sn - 2}thO-n-N;?t (220)
Sp = vthUpNst (221)

4(a3 — a})
= =27 .22
Nst a%a% (2 )

In Equation (2.19) S,, and S, are the surface recombination velocities for electrons
and holes respectively and ¢ is the thickness of the interface between the two
semiconductors. In Equations (2.20) - (2.22) vy, is the thermal velocity, N is
the trap density per unit area, o, and o, are the capture cross sections for holes
and electrons respectively and a; and ay are the lattice parameters of the two
semiconductors comprising the interface. Note that Equation (2.19) assumes a
single trap level at mid gap, and Equation (2.22) assumes that the growth is in the
[100] direction, and that all of the lattice mismatch between the two semiconductors
comprising an interface is taken up by dislocations and not by strain. In regions
where part of the lattice mismatch is taken up by strain, Equation (2.22) gives the
upper limit for N,;.

In regions where the composition, x, varies, the dielectric constant and effective
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mass are given by [23]

e =x (2 v a-n (2) .29

e+2 €1+ 2 €2+2
1 1—
- X o (2.24)
m*  mi m3

where x is the mole fraction of material 1. The bandgap in graded regions can be
modeled by [24]
Ey = A+ Bx+ Cx%, (2.25)

where A is the bandgap for material 1 and B and C are experimentally determined
parameters. The devices that we are modeling have graded regions where Equation
(2.25) is applicable; however, values for B and C are not known for the materials
In certain regions. In these regions, we have assumed a linear dependence of E,
on material composition. Also, we have neglected the effects of strain on band
structure in lattice mismatched graded regions.

In heterostructures, regions with high electric fields and carrier concentrations
are common, so the assumption of a constant mobility and the use of the non-
degenerate form of Einstein’s equation is no longer valid. The mobility as a function

of both the field strength and the doping concentration is given by [25, 26]

* N, + Na anp] =l

:un,p = Hno,po + Hnlp1 [1 + <—(£]V——> :l (226)
n,p
‘/sat E 4 E 41
n — * - 1 —_ .
=i 2 (5) [+ (E)] o2
* -1
* Hyp

Hp = Hp [1 + ] : (2.28)

where F is the electric field, N; and N, refer to donor and acceptor concentrations
respectively and subscripts n and p refer to electrons and holes respectively. N, ,,
Qn,ps By, Vsar and vy, are experimentally determined parameters. These parameters
are not generally known for the materials used in our devices, so as an initial

approximation, we have used N, ,, o, p and Ey as determined for GaAs. £n0,p0
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and f,1 1 are determined by using the same ratio of fi,00 t0 fn1p1 as for GaAs,
while constraining p* equal to experimental values of mobility in our materials for
zero field and low doping concentrations. The high field saturation velocities, Vg,
and v,,, are set to one-half the peak velocities estimated from Fjy and p*. While
not ideal, the method outlined above will give, to first order, trends in the change
in mobility with respect to variations in field strength and doping concentration. It
is necessary to include field dependent mobilities in the model, because in regions
with high fields the ratio of diffusivity to mobility becomes large. If the decrease
in mobility with increasing field is not accounted for, unrealistically large diffusion
constants will result.

As mentioned above, in regions of high carrier concentrations, the ratio of dif-
fusivity to mobility can deviate significantly from k;7"/e. If the original derivation
of the drift-diffusion equations from Boltzmann’s equation is done without assum-
ing Boltzmann statistics, then the following general form of Einstein’s relation is
obtained [20]:

D 2kTFyja(n)

w eF_aj2(n) ’ (229)

where Fj is the Fermi-Dirac integral of order j, and 7 is (Ey, — E.)/kyT for elec-
trons, and (E, — Ey,)/kT for holes. Analytic expressions approximating F; /2 and
F_1/2 [27] were used to evaluate Equation (2.29).

The numerical solution of Equations (2.12) - (2.16) was carried out using the
relaxation method [28]. Successful implementation relies on reasonable choices
of scaling factors and initial guesses [29]; the latter were determined as in Ref.
[30]. Variable mesh spacing was incorporated, with larger mesh densities used in
regions of rapid potential variation. Finally, abrupt junctions were graded over a
distance of a few angstroms to avoid numerical instabilities that are introduced by
singularities at an abrupt interface. The simulation results do not depend on the
grading distances of the interfaces as long as they are not unreasonably large. For

example, shortening the grading distance of an interface causes only the individual
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derivative terms in Equation (2.13) to increase in magnitude, with no net effect on

the overall current density.

2.4 Simulation Results

2.4.1 CdSe/ZnTe

As discussed in Section 2.2, an n-CdSe/p-ZnTe heterojunction has favorable lattice
match and dopability characteristics for a wide bandgap LED; however, the band
alignments in this heterojunction favor interfacial recombination over thermionic
injection. In this section we examine results from numerical simulations of an n-
CdSe/p-ZnTe heterojunction in order to determine the feasibility of such a device.
All of the simulations presented below were done at room temperature. We as-
sumed a donor concentration of 1 x 10 for n-CdSe and an acceptor concentration
of 1 x 10'" cm~2 for p-ZnTe. Ionized donor and acceptor concentrations are given
by equations (2.6) and (2.7). For the interfacial traps we assumed a density of 1
X 10™ cm~2 and cross sections of 1 x 1074 cm?.

Figure 2.5 shows the conduction and valence band edges for a CdSe/ZnTe
heterojunction at forward biases of 0.0 and 1.25 V. Figure 2.6 shows the electron
and hole concentrations at these same biases. At zero bias, we note that both the
CdSe and the ZnTe are depleted at the interface. As we apply a forward bias, the
depletion width decreases, and at a large enough bias, electrons and holes begin
to accumulate at the interface. Figure 2.7 shows the electron current densities at
0.75 and 1.25 V forward biases. Referring to Equations (2.15) and (2.16) we note
that the slope of a current density plot at a given point gives a direct measure of
the rate of recombination at that point. At a bias of 0.75 V, we see that all of
the recombination occurs at the CdSe/ZnTe interface. At a higher bias of 1.25 V,
all of the bulk recombination occurs in the CdSe region, indicating that holes are

being injected into the CdSe layer rather than electrons into the wider bandgap
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Figure 2.5: Conduction and valence band edges for an n-CdSe/p-ZnTe heterostruc-

ture at 0.0 V and 1.25 V forward bias. Zero on the horizontal axis corresponds to

the CdSe/ZnTe interface.
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Figure 2.6: (a) Electron and hole charge densities for an n-CdSe/p-ZnTe het-
erostructure at 0.0 V forward bias. (b) At 1.25 V forward bias, high carrier con-

centrations occur at the heterojunction interface.
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Figure 2.7: Electron current densities for an n-CdSe/p-ZnTe heterostructure at (a)
0.75 V applied bias and (b) 1.25 V applied bias. Since the recombination rate is
proportional to the slope of the current density, this figure shows that interfacial
recombination dominates the device operation at lower applied biases, and that

holes are injected into the CdSe at higher applied biases.
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ZnTe region. Thus, numerical simulations of an n-CdSe/p-ZnTe heterojunction
explicitly demonstrate that this design will not produce efficient light emission in
the wide bandgap ZnTe material. Instead, recombination in the CdSe and at the

CdSe/ZnTe interface will dominate.

2.4.2 Graded Injector

The next device that we present offers an improvement on the CdSe/ZnTe design.
By including a graded Mg,Cd;_Se region between the CdSe and ZnTe layers, we
hope to facilitate electron injection while continuing to block hole injection into
the CdSe layer. The material parameters for the CdSe layer are the same as in the
previous device. Two types of ZnTe are used in this simulation: an undoped ZnTe
epilayer, and a lightly (1 x 107cm™3) doped p-ZnTe substrate with an oxygen
center 0.4 eV below the conduction band edge [31, 32]. The oxygen center is
needed to accurately model the substrates used in actual devices. Due to the poor
quality of the ZnTe substrates, recent devices have been grown on GaSb substrates.
Also, growth of p-type ZnTe layers has recently been achieved. These and other
recent developments to the graded electron injector structure are discussed in more
detail in Section 2.5.

The Mg, Cd;_,Se layer is graded from zero Mg concentration to a concentration
such that there is no conduction band offset to ZnTe (see Figure 2.3). Since Harri-
son’s LCAO method predicts a small valence band offset between CdSe and MgSe
and since small changes in the CdSe/MgSe valence band offset do not significantly
affect the operation of this device, we use the common anion rule in our calcu-
lations for this device. For a MgSe bandgap of 3.5 €V, this gives a value of 0.66
for x at the Mg,Cd;_xSe/ZnTe interface. The doping of the graded Mg,Cd;_,Se
region is n-type at the CdSe interface and undoped at the ZnTe interface. These
doping parameters account for the likelihood that Mg,Cd;_,Se will not be dopable

n-type for high Mg concentrations. The thickness of the graded region was chosen
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to be 200 A. A thinner graded region decreases the accumulation of electrons near
the CdSe/Mg,Cd;_,Se interface, making electron injection more difficult, while
increasing the thickness might prevent the graded Mg,Cd; _,Se from being coher-
ently strained to the ZnTe.

Figure 2.8 shows the conduction and valence band edges for this device at 0.0
and 2.0 V forward bias. Figure 2.9 gives the hole and electron charge densities at
the same biases. At zero bias the ZnTe layer is depleted at its interface with the
graded Mg,Cd;_,Se region, while electron accumulation occurs at the interface be-
tween the CdSe and the graded Mg,Cd;_,Se region. As a forward bias is applied
to the device, the depletion width in the ZnTe layer decreases and eventually holes
accumulate at the Mg,Cd;_,Se/ZnTe interface. An important point to note here
is that in the CdSe/ZnTe device, electron and hole accumulation at the hetero-
junction interface led to high rates of non-radiative recombination. In the graded
device, however, electron and hole accumulations are spatially separated, leading
to a considerable reduction in the amount of non-radiative recombination occur-
ring at the interfaces. As we continue to increase the forward bias, Figure 2.10
shows that electron injection occurs prior to any significant hole injection. Recall
that the slope in the current density is a measure of the recombination rate, so
the right-hand side of Figure 2.10 shows that injected electrons are recombining
in the ZnTe material. Since the total current is constant throughout the device,
the slope in j, is simply the negative of the slope of j,. Notice that interfacial
recombination dominates the operation of the device only at lower voltages, and
that bulk recombination begins to dominate at higher voltages.

The graded Mg,Cd;_,Se layer facilitates electron injection as follows. At zero
bias, the barrier to electron injection is essentially the same in the graded device
as it is in the CdSe/ZnTe device. As we forward bias the CdSe/ZnTe device,
the barrier to electron injection remains essentially constant, determined by the
fixed conduction band offset between the two materials. In the graded device,

however, as we apply a forward bias, more and more electrons accumulate within
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Figure 2.8: Conduction and valence band edges for the graded injector device at

0.0 and 2.0 V forward bias. In this figure and in all succeeding figures, zero on

the horizontal axis corresponds to the right-hand side of the graded Mg,Cd;_,Se

layer.
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Figure 2.9: Electron and hole charge densities for the graded injector device at (a)
0.0 V forward bias and (b) 2.0 V forward bias. Notice the spatial separation of

accumulated charge.
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Figure 2.10: Electron current density for the graded injector device at (a) 1.6 V
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the graded Mg,Cd;_Se layer. This accumulation of electrons causes the bands to
bend downwards, as seen in Figure 2.8, thereby reducing the barrier to electron
injection.

Figure 2.10 shows the electron and hole current densities at 1.6 and 2.0 V
forward bias. Very few of the injected electrons actually recombine in the ZnTe
epilayer, since the diffusion length in the ZnTe epilayer is much greater than the
epilayer thickness used in our devices. Most of the electrons recombine in the ZnTe
substrate, which results in red light emission because of the oxygen center. Thus,
for the purposes of high efficiency green light emission, and for laser applications,
we need to be able to confine injected electrons to the ZnTe epilayer. In more
recent devices grown on GaSb substrates, the p-ZnTe is grown thicker, but is still
less than the diffusion length so the confinement of injected electrons is important

for these devices as well. The next design proposes a method to achieve this.

2.4.3 Graded Injector with Confining Layer

To confine injected electrons to the ZnTe epilayer, we refer again to Figure 2.2.
This figure shows that a Mg,Zn,_4Te ternary will have a larger bandgap than
ZnTe, with most of the difference going into the conduction-band. We propose
to insert a Mg,Zn;_,Te confining layer between the ZnTe epilayer and the ZnTe
substrate. Again, there have been no reports in the literature of experimental
measurements of the valence band offset between MgTe and ZnTe (see Chapter 4);
however, the LCAO method predicts a small valence band offset, which is desirable
for our device operation. In our calculations, we assume a less favorable case with
two-thirds of the band offset going into the conduction-band and one-third in the
valence-band. We do this to demonstrate that the performance of our devices is
not highly dependent on the validity of the common anion rule.

Using the MgTe bandgap of 3.57 eV and choosing a conduction-band barrier
height of 0.5 eV gives a value y = 0.57 at the MgyZn;_,Te/ZnTe epilayer interface.
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Figure 2.11: Conduction and valence band edges for the graded injector device with
an electron confining layer at 0.0 and 2.1 V forward biases. Note the undesirable
deviation from the common anion rule used for the MgyZn;_yTe to ZnTe band

offset.
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Figure 2.12: Electron and hole charge densities for the graded injector device with

a confining layer at (a) 0.0 V forward bias and (b) 2.1 V forward bias.
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Figure 2.13: Electron current densities for the graded injector device with a
confining layer at a forward bias of 2.1 V. The two regions showing a very
large slope in the current density plot correspond to the Mg,Cd;_,Se/ZnTe and
ZnTe/Mg,Zn; _,Te interfaces respectively.

The Mgy7Zn;_,Te confining layer is graded to avoid blocking holes from entering the
ZnTe epilayer. If a more favorable valence band offset is used, then the Mg,Zn;_,Te
confining layer need not be graded and the Mg concentration will be less for the
same barrier height, resulting in less strain. The width of the graded Mg,Zn;_,Te
region only needs to be thick enough to prevent significant electron tunneling
through to the ZnTe substrate. We use 75 A in our calculations, but this can be
increased significantly, if required, without introducing too much strain.

Figure 2.11 shows the conduction and valence band edges for this device at
forward biases of 0.0 and 2.0 V. Figure 2.12 gives the hole and electron charge
densities at these same biases. Until the onset of electron injection, this device
behaves in much the same way as the previous one. After the onset of electron

injection, however, we see that the confining layer prevents electrons from entering
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the ZnTe substrate. In Figure 2.13, the electron current densities for this device
at a forward bias of 2.0 V show that with the addition of the electron confining
layer, the bulk recombination in the device is confined to the ZnTe epilayer. Also
notice that interfacial recombination comprises a significant portion of the total
recombination in the device. In general, interfacial recombination plays a larger
role at small biases and becomes less significant as the bias is increased; however,
quantitative calculations of radiative recombination rates and quantum efficiencies

will depend largely on the specific properties of the interfaces in each device.

2.4.4 Tunable Bandgap LED

We next consider a device design that will allow the wavelength of emitted light
to be tuned continuously from the green to the blue wavelength regimes. This
design was first proposed in Ref. [7]. The basic idea behind the device is to
have the radiative recombination occur in a Mg,Zn;_,Te layer, where y can be
adjusted to obtain the desired band-to-band recombination energy. Figure 2.14
shows a schematic of the proposed device at flatband. Note that we have used
the common anion rule in simulating this device, so there is no valence band offset
between ZnTe and MgZnTe ternaries. This allows us to forego the grading of the
Mg,Zn;_,Te confining layer that was needed in the previous device. We do this for
convenience and clarity of presentation only; the device concept does not depend
on the validity of the common anion rule. Figure 2.15 shows the conduction and
valence band edges of the device at 0.0 and 2.25 V forward bias. Figure 2.16 shows
the hole and electron charge densities at these same biases. From these figures
we again see that the graded Mg,Cd;_,Se layer enhances electron injection into
the wider bandgap material, while spatially separating regions of interfacial charge
accumulation. Figure 2.17 shows the electron current densities for this device at
a forward bias of 2.25 V. In this figure we see that all of the bulk recombination
occurs in the Mg,Zn;_,Te epilayer. Thus, the wavelength of light emitted from
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Figure 2.14: Schematic diagram showing the conduction and valence band edges
for the tunable bandgap LED at flatband. Electrons are injected into the wide
bandgap MgyZn;_,Te but are blocked from entering the ZnTe by the Mg,Zn;_,Te

layer.
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Figure 2.15: Conduction and valence band edges for the tunable bandgap LED at
0.0 and 2.5 V forward bias.
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Figure 2.16: Electron and hole charge densities for the tunable bandgap LED at
(a) 0.0 V forward bias and (b) 2.5 V forward bias. Notice the accumulation of
both holes and electrons in the Mg,Zn;_,Te layer at 2.5 V bias.
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Figure 2.17: Electron current density for the tunable bandgap LED at 2.5 V for-
ward bias. The slope in the electron current density plot in the MgyZn;_,Te layer
indicates successful electron injection and confinement with this layer. The wave-

length of light emitted from this layer can be tuned into the blue.

this device can be varied from green to well into the blue wavelength regime,
depending on the the Mg concentration used in the Mg,Zn;_,Te epilayer. The
tunable bandgap LED operates in much the same manner as the previous device,

with the exception that the wavelength of light emission is tunable from green to

blue.
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2.5 Recent Developments

2.5.1 Current LED Structure

As was mentioned, the four devices simulated in Section 2.4 did not incorporate
some recent developments to the graded electron injector design. These modifi-
cations do not affect the validity of the simulations, but are important factors in
the fabrication of actual devices. For completeness, these recent developments and
their influence on the device structure are discussed below.

Early LED structures using the graded injector scheme were grown on lightly
doped ZnTe substrates purchased from Eagle-Picher. These substrates were ini-
tially very useful, because p-type doping of MBE grown ZnTe had not yet been
developed, so only thin ZnTe epilayers could be used in the LEDs before series
resistance became too large. In effect, the ZnTe substrates were used for the active
regions wherein the radiative recombination took place. At roughly the same time
that the very efficient N-doping of ZnTe was developed, it was also discovered that
the ZnTe substrates being used had serious problems with surface and structural
quality, as well as reproducibility problems. These two developments led to the use
of GaSb substrates instead of ZnTe substrates, and thick p-type ZnTe epilayers for
the active regions. This made the processing somewhat more complicated since
both contacts to the LED had to be made from the top of the sample, but it did
not affect the basic operation of the device.

The other recent developments were measurement of the MgSe bandgap and
the MgSe and MgTe band alignments. The primary impact of these measurements
was to change the desired composition of the Mg,Cd; ,Se graded region at the
Se/Te interface. A larger MgSe bandgap means that less Mg is required to grade
the conduction band edge to match that of ZnTe, while a lowering of the valence
band edge with the addition of Mg necessitates more Mg at the Se/Te interface.
Accounting for both the bandgap and the band offset measurements, the desired
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Mg,Cd;_Se composition at the Se/Te interface is roughly 70% Mg and 30% Cd.

2.5.2 Possible Quaternary LED Designs

One of the primary disadvantages of the graded injector concept is the strain
induced in the graded region. Preliminary TEM studies (see Chapter 4) have
shown that this region can have a very high density of defects. Another problem
lies in the CdSe layer which, if too thick, will absorb a substantial fraction of
the light emitted from the ZnTe active region. To solve these problems, it is
necessary to use either ternary or quaternary layers which have a range of bandgaps
and lattice parameters. The added advantage in using quaternary semiconductors
is that the bandgap and lattice parameter can be independently varied. This
section proposes one possible LED design based on the use of quaternary II-VI
semiconductor compounds.

To gain insight into the design of wide bandgap LEDs using quaternary lay-
ers we first study the Zn; ,Mg,S;Se;_, quaternary already used in ZnSe-based
LDs and LEDs. This quaternary is indicated schematically in Figure 2.4 by
the lines connecting ZnSe, MgSe, MgS, and ZnS. We see that the bandgap of
Zn; _xMg,S,Se;_y can be varied while still maintaining complete lattice match
to either ZnSe or GaAs. The difficulty currently being encountered is that Mg
and S both pull down the valence band edge when added to ZnSe. This makes
Zn; xMg,SySe;_y quaternaries layers even less p-type dopable than the already
difficult to dope ZnSe. Since the Zn;_,Mg,S,Se;_y is being used for the thick
cladding layers, series resistance in these layers may eventually be the limiting fac-
tor for attaining shorter wavelength LEDs and LDs. Also, some of the reliability
problems in these devices may be related to the difficulties in p-type doping either
in the form of contacting problems or in the active layers.

One way to avoid this problem is to use two different quaternary layers, one of

which is easily dopable p-type and the other n-type, while maintaining the design
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Figure 2.18: Schematic diagram of the Zn;_,Mg,Se,Te;_y and Cd;_ MgySe;Te;_,
quaternaries. Shaded areas denote the Te-rich and Se-rich composition which
should allow easy p-type and n-type dopability respectively. Where the two shaded

regions overlap, both n- and p-type dopability can be achieved without sacrificing

lattice matching.
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constraints of close lattice match and substrate availability. An example of such a
combination is shown in Figure 2.18. The two quaternaries, Zn;_Mg,Se; Te; _, and
Cd;-xMg,Se,Te;_, indicated by the solid lines, have regions of overlapping lattice
parameter which can also be lattice matched to GaSb, InAs or ZnTe substrates.
The advantage in using two quaternary layers can be noted by observing that Se-
based semiconductors such as ZnSe and CdSe tend to be easily dopable n-type,
while Te-based semiconductors such as ZnTe and CdTe tend to be easily dopable
p-type (see also Figures 2.1 and 2.2). Thus, Te-rich Zn;_Mg,Se, Te;_; should be
p-type dopable, while Se-rich Cd;_,Mg,Se,Te;_; should be n-type dopable.

With the addition of Mg and small amounts of Te to CdSe, and small amounts
of Se and Mg to ZnTe, we should be able to obtain two semiconductors with the
following properties: 1) perfect lattice match to each other and to a suitable sub-
strate, 2) both p- and n-type dopability, 3) flexibility in bandgap engineering at
a single lattice parameter, and 4) both layers can have bandgaps larger that the
wavelength of emitted light. A schematic diagram of an LED structure incorpo-
rating such layers is shown in Figure 2.19. As shown in this figure, another critical
element to the successful implementation of an LED based on two quaternary lay-
ers is the graded injector layer which facilitates carrier injection into the desired
semiconductor layer.

To implement the design described above, a number of very important exper-
imental concerns must be addressed. The most critical of these is the existence
of miscibility gaps for certain ternary and quaternary compounds. In particular,
Zn'Te;_ySey is known to have miscibility gaps under certain growth conditions;
however, researchers at Bellcore have been successful in growing ZnTe;_,Se, over
the entire range of composition using MBE [33]. Despite this encouraging re-
sult, it still remains to be determined whether or not the Zn;_,Mg,Se;Te;_, and
Cdi-xMg,Se, Te;_y quaternaries can actually be grown with the desired composi-
tion. Another important, but not critical, factor is band bowing. Band bowing

in the quaternaries of interest will require higher Mg and Se or Te concentrations,
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Figure 2.19: Schematic diagram of fully lattice matched graded injector structure.
The use of quaternaries allows flexibility in bandgap engineering while still allowing
lattice matched conditions. The use of two quaternaries also facilitates both n- and

p-type dopability.

and if great enough, could prevent the development of shorter wavelength blue and

violet LEDs and LDs.

2.6 Summary

We present the numerical simulation and design of novel wide bandgap II-VI LEDs.
The drift-diffusion model, modified to account for heterojunctions, is used in the
simulations. All of the designs we present incorporate both n-CdSe and p-ZnTe.
ZnTe is chosen because it is the only wide bandgap II-VI compound that can
be doped p-type using conventional techniques. CdSe, with its small lattice mis-
match to ZnTe and its n-type dopability, is then the best compound to use for
the formation of a II-VI p-n heterojunction with ZnTe. A simple n-CdSe /p-ZnTe
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heterostructure is first analyzed. Simulation results for this design show high inter-
face recombination rates and hole injection into the smaller bandgap CdSe layer.
The CdSe/Mg,Cd;_xSe/ZnTe device proposed by Phillips et al. improves on the
CdSe/ZnTe heterojunction design by incorporating a graded Mg,Cd;_,Se electron
injector. The addition of this layer significantly reduces interface recombination
and facilitates electron injection into the wide bandgap ZnTe layer. A further im-
provement on this design utilizes a Mg,Zn; _,Te confining layer which restricts bulk
recombination to the ZnTe epilayer. A tunable bandgap LED is demonstrated, in
which the bulk recombination occurs in a Mg,Zn;_,Te epilayer. The Mg concen-
tration then determines the wavelength of the light emitted from the device, which
can be varied from green to well into the blue wavelength regime. Simulations
of a device incorporating recent materials characterization results are presented
and, finally, a design that potentially allows fully lattice-matched structures with

flexible bandgap engineering is proposed.
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Chapter 3

XPS Measurements of Band
Offsets for Mg-based

Semiconductor Compounds

3.1 Introduction and Outline

The importance of Mg-based semiconductor compounds for II-VI wide bandgap
light emitters has recently been demonstrated. In particular, the blue-green laser
diodes (LDs) initially demonstrated by Haase et al. [1] are now fabricated with
Zn;_,Mg,S;Seq_; cladding layers [2], resulting in the demonstration of the first
blue LD [3] and the pulsed operation of pseudomorphic blue-green LDs up to
temperatures as high as 394 K [4]. The latest results report blue (489.9 nm)
and green (523.5 nm) LDs incorporating multiquantum well ZnSe/ZnTe contacts
showing thresholds of < 4 V and 400 A/cm?, and room temperature CW operation
for greater than 9 minutes [5].

In addition, compositionally graded Mg,Cd;_,Se used as an electron injector in
the LED design proposed by Phillips et al. [6] results in devices with nearly ideal

current-voltage characteristics and promising device lifetimes [7]. There is also
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interest in Mg,Cd;_,Te for light emitter applications, and growth of Mg,Cd;_,Te
by molecular-beam epitaxy (MBE) has recently been achieved [8]. Finally, simula-
tions show that MgyZn;_,Te layers can be used to shorten the wavelength of light
emission in the graded electron injector devices [9].

As of yet there has been very little characterization of Mg-based semiconduc-
tors. In particular their valence band offset, or band alignment, to other semicon-
ductor compounds has not been studied, except for a recent calculation reported
by Nakayama [10]. To optimize the performance of these devices, an accurate
measurement of the band offset between Mg-based semiconductors and other ma-
terials will be required. The importance of the valence band offset to LED and
LD design is considerable: the appropriate Mg concentrations needed in both
the graded Mg,Cd;—xSe region and the Zn;_,Mg,S,Se;_, cladding layers are de-
pendent on the respective valence band offsets, especially as the wavelength of
light emission is extended into the blue. Currently, the LD designs incorporating
Zm;_yMg,S,Se;_, layers assume a type I band lineup between Zn;_,Mg,S,Se;_y
and ZnS;_,Se,, based on the common anion rule and experimental data in Ref.
[2] and on a semi-empirical tight binding method in Ref. [11]. The devices using
Mg, Cd;_Se for a graded injector were also designed using the common anion rule.

The original common anion rule [12] was observed not to apply to the one
cation, Al, then studied from the third row of the periodic table, so we should not
expect it to necessarily apply to Mg, another third row cation. Similarly, Wei and
Zunger [13] predict that the common anion rule applies only when the d orbitals of
the cations on both sides of a heterojunction, e.g., MgSe /Cdg 54Zng 46Se, interact
with their respective valence bands in a comparable manner. Since the 3d orbitals
in Mg are unoccupied, as in the case of Al, we might expect a deviation from the
common anion rule similar to that observed in the AlAs/GaAs system.

In this chapter, we report the measurement of AF, in the lattice matched
MgSe/Cdo.s4Zng 6Se (5.89 A, zincblende [2]) and MgTe/CdygsZng1,Te (6.435
A, zincblende [8]) heterojunctions by X-ray photoelectron spectroscopy (XPS).
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Cdg54Zmg465¢ and CdyggZng12Te were chosen to avoid difficulties associated
with measuring band offsets in lattice mismatched systems, and to test the va-
lidity of the common anion rule for Mg based compounds. Using our mea-
sured value for the MgSe/Cdg 54Zng 465e valence band offset, we can estimate the
Zn;_xMg,S,Se;_y/ZnS;_,Se, and Mg,Cd;_,Se/CdSe valence band offsets by linear
interpolation.

Section 3.2 of this chapter describes the sample growth, and the XPS experi-
mental setup. Section 3.3 outlines the XPS data analysis. The band offset results

are presented in Section 3.4, and the chapter is concluded with Section 3.5.

3.2 Experiment

3.2.1 Sample Growth

The structures studied here were grown in two Perkin-Elmer 430P molecular-beam
epitaxy (MBE) systems, one devoted to III-V and the other to II-VI semiconduc-
tor growth. GaSb buffer layers were grown on GaSb (100) substrates to provide
a smooth growth surface. After the GaSb growth, the samples were transferred
via an ultrahigh vacuum (UHV) transfer tube to the II-VI growth chamber. Thick
(> 3000 A), relaxed Cdgs4Zng46Se (CdggsZng.12Te) layers, followed by the band
offset structures, were grown at a substrate temperature of 270°C (300°C) and
a growth rate of approximately 53 A/ min. The Cdg54Zng.465e and CdyggZng 12Te
composition were calibrated using XPS and X-ray diffraction, to keep the lattice
mismatch to a minimum. The measured Cdgs4Zng4¢Se and CdggsZng 12 Te lattice
parameters were 5.93 A and 6.43 A allowing us to neglect their small lattice mis-
matches (0.68% and 0.06%) to MgSe and MgTe respectively. All layers were grown
in the cubic zincblende structure as indicated by reflection high energy electron

diffraction patterns.
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3.2.2 XPS Measurements

Following the II-VI growth, the samples were transferred via a UHV transfer tube
to a Perkin-Elmer Model 5500 analysis system equipped with a monochromatic
Al Ka X-ray source (hv = 1486.6 €V) and a spherical capacitor electron-energy
analyzer with multichannel detection capability. The base pressure in the XPS
chamber was typically in the low 10710 Torr range. Care was taken to ensure
that the escape orientation of the photoelectrons remained constant from sample
to sample to minimize any electron diffraction effects due to the single crystalline
nature of the samples. The election binding energy scale was routinely calibrated
using binding energy peaks from a sputter cleaned calibration sample consisting
of Au, Cu and Al. Details of the determination of the instrumental resolution
function from acquired Au spectra are given in Section 3.3. XPS energy sepa-
rations measured on the same sample under identical conditions were typically
reproducible to better than £ 0.02 eV, and all samples yielded energy separations
that were reproducible to within experimental error.

For the Cdgs4Zng46Se/MgSe band offset measurement, the core level to va-
lence band edge energy separations were measured on two bulk Cdg 54Zng 465e and
two bulk MgSe samples. The core level binding energy separations were mea-
sured on two thin (~ 20 A) Cdg.s4Zng 465e on MgSe samples, and one thin MgSe
on Cdgs4Zng46Se sample. Thin overlayer thicknesses are necessary to acquire a
reasonable photoelectron signal from both sides of the heterojunction, since pho-
toelectron escape depths are ~ 10-20 A. For the CdygsZng 12 Te /MgTe band offset
measurement, the core level to valence band edge energy separations were measured
on one each of bulk Cdg ggZng 12Te and bulk MgSe samples. The core level binding
energy separations were measured on one CdyggZng 12Te on MgTe sample. Com-
mutativity of the valence band offset was not verified for the Cdg sgZng 12 Te/MgTe
band offset measurement. Figures 3.1 and 3.2 show representative scans required

for the Cdgs54Zng465e¢/MgSe and CdggsZng 12Te/MgTe band offset measurements
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respectively.

3.3 XPS Data Analysis

To determine the MgSe/Cdg 54Zng 46Se and Cdg.gsZng.12Te/MgTe valence band off-

sets using XPS, the following relation was used:
AE, = (Ezn 3p 372 — ESYn XY _ (Bary 25 — EY9%) — (Ezn 3p 32 — Bug 25), (3.1)

where the X in CdZnX and MgX refers to either Te or Se. The core level to
valence band maximum, E,, binding energy separations were measured on bulk
CdZnX and bulk MgX samples, and the core level binding energy separations were
measured on thin (~20A) CdZnX on MgX samples and thin MgX (~ 20A) on
CdZnX samples as shown in Figures 3.1 and 3.2. For MgSe and MgTe, the use of
either the Mg 2s or the Mg 2p core level peaks in the analysis did not affect the
results. For Cdgs4Zng.46Se and CdggsZng 12Te, the only resolvable core level peak
was Zn 3p, since Se and Te are common to both sides of the junction and both the
Cd 4d and Zn 3d peaks overlap with states from the valence band.

To determine the core level peak positions, we first performed an integrated
background subtraction and then fit the peaks to Voigt functions, allowing the
binding energy, HWHM, Lorentzian fraction and intensity to vary. In the case of
the MgX/CdZnX heterojunction samples, the Zn 3p 3/2 and Mg 2s core levels
overlap, so it was necessary to constrain the peak shapes to those obtained from
bulk MgX and CdZnX samples, so as to reduce the number of fit parameters from
eight to four. A representative fit for the Zn 3p 3/2 and Mg 2s core levels for a
sample consisting of 20 A MgSe on Cdgs4Zng 465¢ is shown in Figure 3.3. In the
fitting procedure, only the intensity and binding energy are allowed to vary for
each of the two core levels (Zn 3p 3/2 and Mg 2s ).

The determination of the precise energy of the valence band edge for the bulk

semiconductors is complicated by the fact that instrumental broadening smears out
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Figure 3.1: XPS spectra for (a) bulk CdgssZng46Se, (b) thin (~ 20 f&)
Cdo.54Zng.46Se on MgSe, and (c) bulk MgSe. Energy separations used in the band

offset measurement are labeled.
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Figure 3.2: XPS spectra for (a) bulk CdgssZngi2Te, (b) thin (~ 20A)
Cdg.ggZng.12Te on MgTe, and (c) bulk MgTe. Energy separations used in the band

offset measurement are labeled.
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Figure 3.3: Least squares fit of Zn 3p 3/2 and Mg 2s core level peaks for a structure
consisting of 20 A MgSe grown on Cdgs4Zng4eSe. Four parameters (the intensity

and binding energy of each peak) were used in the fit. Background subtraction

was performed prior to the fit.
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the XPS spectra, so that simple linear extrapolation is not sufficient to accurately
position the valence band edge. To overcome this difficulty, we use, following the
procedure developed by Kraut et al. [14]. Basically, this involves calculating the
band structure for each material and then integrating over the Brillouin zone to
determine the theoretical valence band density of states (VBDOS). This VBDOS
is then convolved with the instrumental resolution function as determined from
experimentally acquired Au spectra. Finally, the instrumentally broadened the-
oretical VBDOS is fit to the experimental VBDOS to obtain the position of the
valence band edge.

For the heterojunctions studied in this chapter, the calculation of the band
structure was made more difficult by the fact that relatively little is know about
the ternary Cdgs4Zng4¢5¢ and CdggeZng 12Te compounds, and even less is known
about MgSe and MgTe. Thus, the empirical pseudopotential method cannot be
used to directly calculate the band structure for these compounds. The methods
used to determine the band structure for Cdgs4Zng46Se, Cdg gsZng 12Te, MgSe and
MgTe are given below.

For Cdg.54Zng 465¢ (Cdo.s3Zng.12Te) the band structure was calculated for a num-
ber of different semiconductors, but the best fit for the VBDOS was obtained using
the band structure of ZnSe (ZnTe) calculated by the pseudopotential method [15],
while allowing one additional energy scaling parameter to account for differences
in the band structure of ZnSe (ZnTe) versus Cdys4Zng.46Se (Cdg gsZng12Te). Spin-
orbit interactions [16, 17] and an electron effective mass parameter to incorporate
the nonlocality of the pseudopotential [18] were included in the calculations. The
critical point energies needed for the pseudopotential calculations, and parameters
needed to determine the spin-orbit interactions, were obtained from Ref. [17] and
[19, 20] respectively.

For MgSe and MgTe the empirical pseudopotential method could not be used
since there have been almost no studies of these binary compounds because of

their reactivity, so very little is known of their band structure. Instead of the
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pseudopotential method, we calculated the MgSe band structure using the semi-
empirical linear combination of atomic orbitals method [21], including spin orbit
interactions [22], and allowing for the additional energy scaling parameter men-
tioned above. This resulted in theoretical VBDOSs in reasonably good agreement
with the experimentally measured VBDOS.

The final step in determining the position of the valence band maximum is
to determine the instrumental resolution function and fit the VBDOS, broadened
with this function, to the experimentally measured VBDOS. Using measured XPS
Au 4f core level peaks (HWHM=0.37eV), the instrumental resolution function can
be determined, since the intrinsic linewidth of the Au 4f core level peak is well
known. For this experiment, the instrumental resolution function of the system
was determined to be a Voigt function with a Lorentzian fraction of 0.06, and a
HWHM of 0.28¢eV.

Figure 3.4 shows the fitted VBDOS for MgTe, CdggsZng12Te, MgSe and
Cdps4Znp46Se. The use of an energy scaling parameter requires verification of
the validity of the calculated band structures. To do this we followed the proce-
dure in Ref. [14] and varied the valence band edge fit region as shown in Figures 3.5
and 3.6. In these figures, the core level to valence band edge energy separation
is plotted as a function of the upper limit of the interval over which the VBDOS
is fitted. The reasoning here is that a theoretical VBDOS that accurately models
the experimental VBDOS will result in the same fitted valence band edge position
regardless of the fitting interval. The small variation of the fitted valence band
edge position as a function of fit region indicates that the theoretical VBDOS used

is in reasonable agreement with the experimental VBDOS.
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Figure 3.4: Fit of experimental VBDOS (circles), and instrumentally broadened
theoretical VBDOS (solid lines) for (from top to bottom) MgTe, Cdgs4Zng.46Se,
MgSe, and Cdg ggZng 1o Te.
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Figure 3.7: MgSe/Cdg54Zng 465e and MgTe/CdggsZng 12Te valence band offsets

measured using XPS. Bandgaps and offsets are not drawn to scale.

3.4 Results and Discussion

3.4.1 MgSe/Cd;4Zny4Se Valence Band Offset

The average results from the XPS measurements of the MgSe/Cdy 54Zng.46Se va-
lence band offset are (Ezn 3p 32 — Eucdznse)) = 87.52 £ 0.04 eV, (Eumg as —
Ey(nmgsey) = 87.76 & 0.04 eV, and (Ez, 3p 3/2 — Eumg 2s) = 0.80 + 0.04 eV. From
eq. (1) we obtain an average MgSe/Cdgs4Zng 46Se valence band offset of 0.56 +
0.07 eV with the valence band edge of MgSe below that of Cdg54Zng 46Se as shown
schematically in Figure 3.7. This result has the same sign for the valence band
offset as predicted by recent calculations [10]. This also deviates from the common
anion rule in the same direction and with the same order of magnitude as the
AlAs/GaAs system. Since both Mg and Al are third row elements in the periodic
table and have unoccupied d orbitals, this supports the importance of including
the repelling effects of cation d orbitals on the valence band edge in band offset
predictions for common anion systems.

To apply the results of this band offset measurement to the design of current
II-VI light emitters requires that we estimate the Zn;_,Mg,S;Sei_y/ZnS; _,Se,
and Mg,Cd;_,Se/CdSe band offsets based on our new results. Using the
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ZnSe/ZnS band offset obtained from Ref. [23], assuming a linear dependence of
the band offset on composition, and neglecting strain effects, we estimate the
Zmng 70Mgp.2150.35€0.7/ZnS 065€0.04 valence band offset to be roughly 0.29 eV versus
0.19 eV obtained using the common anion rule. The corresponding conduction
band offsets are 0.04 eV and 0.14 eV respectively. These quantities are approxi-
mate; however, the qualitative trend indicates that the Mg and S concentrations
in the Zn; ,Mg,S;Se;_y layers may need to be increased in the LD design for
adequate electron confinement, especially if the wavelength of light emission is ex-
tended further into the blue. Another important impact of this measurement is
that we now know that both Mg and S pull down the valence band edge when added
to ZnSe. Since p-type dopability tends to decrease for semiconductors with lower
valence band edges, this would suggest that p-type doping of Zn;_Mg,S,Se;_, will
be increasingly difficult as more Mg and S are added to increase the bandgap. This
effect has already been observed in the form of compensation in nitrogen doped
Zn;_yMg,S,Sei_y [24, 25], although the mechanism responsible for the compen-
sation was attributed to impurities in the first of these studies. Our results also
indicate that the Mg concentration in the Mg,Cd; _,Se layer for the graded electron
injector device should be increased for efficient carrier injection; however, the ex-
act composition will depend on the MgSe bandgap. Using the results presented in
Chapter 4, the desired Mg,Cd;_,Se composition at the Se/Te interface is roughly
70% Mg and 30% Cd.

3.4.2 MpgTe/Cdjg3Zng2Te Valence Band Offset

The average results from the XPS measurements of the MgTe/Cdg gsZng 19Te va-
lence band offset are (Ez, 3p 372 — Eycdznrey) = 87.80 £+ 0.04 eV, (Eug 2s —
Eyugre)) = 88.16 & 0.05 eV, and (Ez, 3p 3/2 — Eurg 2s) = 0.79 £ 0.09 eV. From
eq. (1) we obtain an average MgTe/Cdy g8Zng 12 Te valence band offset of 0.43 +
0.11 eV with the valence band edge of MgTe below that of Cdy ssZng 12Te as shown
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schematically in Figure 3.7. Again, this value deviates from the common anion rule
in the same direction as in the AlAs/GaAs system, which supports the hypothesis
of Wei and Zunger [13].

Since the addition of Mg to ZnTe pulls down the valence band edge, this result
is consistent with experimental observations of enhanced compensation in phos-
phorus doped Mg,Zn;_,Te [26]. The impact of this on the graded electron injector
devices is minimal as long as the deviation from the common anion rule is ac-
counted for in the design. As was shown in Chapter 2, a small valence band offset
between MgyZn;_Te and ZnTe will not affect device performance as long as the
confining Mg, Zn;_,Te layers are graded to allow holes to flow over the M gyZmy_,Te

barriers.

3.5 Summary

We have used XPS to measure the valence band offset of the lattice matched
MgSe/Cdg 54Zng.46Se and MgTe/Cdg ggZng 1o Te heterojunctions. The measured va-
lence band offsets were 0.56 + 0.07 eV and 0.43 £ 0.11 eV respectively, with the
valence band edge of MgSe below that of Cdg 54Zng 46Se, and the valence band edge
of MgTe below that of CdggsZng2Te. Both of these values deviate significantly
from the common anion rule and support the importance of cation d orbitals
in valence band offset predictions for common anion heterojunctions. Also, the
measured MgSe/Cdys54Zng 46Se valence band offset agrees favorably with trends
predicted in recent calculations [10].

Our measured valence band offset indicates that the Mg and S concentrations in
Zn;_Mg,S,Se;_y cladding layers may need to be higher than previously thought
for adequate electron carrier confinement, particularly as the emission wavelength
is shortened. The p-type dopability of these layers is also expected to decrease
due to the pulling down of the valence band edge with the addition of Mg and
S. This may be a limiting factor on the wavelength of light emission for the LD
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structures incorporating Zn;_,Mg,S,Se;_, layers due to high series resistance. For
graded electron injector devices, the Mg concentration in the Mg,Cd;_,Se grading
layers may need to be increased for efficient electron injection into the Te-based
layers, depending on the bandgap of MgSe assumed. Using the value from Chap-
ter 4, ~ 70% Mg is required at the Se/Te interface in these structures. Finally,
MgyZn;_yTe confining layers will need to be graded to facilitate hole transport
over the MgyZn;_,Te layers; however, this should not significantly affect device

performance.
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Chapter 4

Status of the Graded Electron

Injector Project

4.1 Introduction and Outline

In this chapter, brief descriptions of materials characterization results and recent
graded electron injector device performance characteristics are presented. These
results are presented because of their importance to understanding both the current
status of the graded electron injector project as well as some of the important issues
that still need to be addressed.

XRD is used to study the long range structural quality of the devices, while
TEM probes the structural quality on a more local scale. SIMS, a chemical analysis
technique, is utilized to investigate chemical impurities in the epilayers. Current-
voltage and electroluminescence (EL) characteristics of the graded electron injector
LED structures are presented. The external quantum efficiency of recent devices
and possible approaches to improving light extraction and internal quantum efi-
ciencies are given. Finally, the reliability of the LED structures is discussed. It
should be emphasized here that the TEM, SIMS and EL studies were all performed

by other researchers [1].
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4.2 Material Characterization

4.2.1 XRD

XRD is a standard tool for characterizing the long range structural quality of semi-
conductor layers. The XRD data shown in Figure 4.1 was acquired with a Philips’
Materials Research Diffractometer equipped with a four-crystal Ge-monochrometer
in the (220) reflection setting. In this setting, the Cu Koy (A = 1.54056 A) X-ray
line has a divergence of ~ 12 arc seconds.

Figure 4.1(a) shows a typical XRD 2/26 scan for the graded electron injector
structure consisting of a GaSb substrate, a ~1 pm ZnTe buffer layer, a 300-600
A graded Mg,Cd;_,Se layer and a ~ 300 A CdSe layer at the sample surface.
The XRD FWHM for the GaSb and the ZnTe layers are 25 and 39 arc seconds
respectively. The CdSe layer has an expectedly very broad peak (~ 6 arc minutes)
due to the thinness of the layer, and the peak corresponding to the thin graded
Mg,Cd;_,Se layer is too broad and weak to be discernible above the noise. The
2/260 plot shown in Figure 4.1(a) is essentially what one would expect for a graded
injector device with good structural characteristics.

In contrast, Figure 4.1(b) shows a XRD /26 scan of a very similar structure
grown under nominally the same growth conditions. It can be seen that the FWHM
of all of the layers are increased significantly, with a corresponding loss of signal
intensity. In fact, the CdSe peak is no longer discernible. The structural quality
of this device is very poor as characterized by XRD.

Interestingly, the device with the poor structural quality as measured by XRD
had the highest external quantum efficiency measured to date, while the struc-
tural with the excellent structural quality had relatively poor external quantum
efficiency. In fact, initial analysis of the XRD data compiled on the graded injector
devices shows no correlation between structural quality LED performance. These

XRD results imply that other factors unrelated to the long range structural quality
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Figure 4.1: XRD data for graded electron injector device. Representative data for a
structure with (a) desirable XRD characteristics and (b) poor XRD characteristics.

No correlation between XRD linewidths and LED performance was observed.
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of the films are presently limiting the performance of the LEDs.

Graded injector LEDs with good long range structural quality as measured by
XRD have been reproduced, although not consistently. More importantly, LEDs
that simultaneously exhibit both excellent XRD characteristics and device prop-

erties have not been achieved.

4.2.2 TEM

TEM is used to study the structural quality of the graded electron injector struc-
tures on a more local scale. The TEM image shown in Figure 4.2 was acquired with
a Philips’ EM430 microscope using 300 keV electrons. Ion milling of the samples
was performed at low incident angles using 3-4 keV Ar ions. The low ion energy
was used in order to minimize damage to the fragile II-VI materials.

Figure 4.2 shows a representative TEM image of the top ~ 1500 A of a graded
electron injector LED structure. The growth is in the [001] direction and the [110]
direction is perpendicular to plane of the page. The ZnTe/Mg,Cd;_,Se interface
is readily apparent, while the exact location of the CdSe/Mg,Cd;_,Se interface
is not clear, since the Mg concentration is graded down to less than 10% at that
interface.

The two main features relevant in Figure 4.2 are the high density of defects
and the total thickness of the Se layers. Two defects are indicated by the arrows
labeled A and B. The defects originate from the ZnTe /Mg,Cd;_,Se interface and
often extend all the way through to the sample surface (arrow B). The intersection
of the defects with the (110) milled surface forms an angle of roughly 55 degrees,
indicating that the defects are likely to be stacking faults in the [111] direction
originating from point defects at the ZnTe/Mg,Cd;_,Se interface. Although it is
difficult to properly determine defect densities from cross-sectional TEM images,
a very rough estimate using 4 defects in a 1500 A by ~500 A (thickness of milled

region) gives a defect density of greater than 5 x 101° cm=2. This is well above the
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2

desired defect density of < 10* — 10°% cm™2.

In addition to the high defect density, the total thickness of the CdSe and
Mg, Cd;_,Se layers is significantly larger than expected (1000 A instead of 600
A): this is most likely due to a faster Mg,Cd;_xSe growth rate compared to
the well-calibrated growth rates for CdSe and ZnTe. The additional 300-400 A
of thickness contributes significantly to the defect density, since Mg,Cd;_,Se has
a lattice mismatch to ZnTe of 0.4% to 3.5% depending on the Mg concentration.
Ideally, the thickness of the graded region should remain below ~300 A to keep the
structure below the critical thickness. Thus, reducing the thickness of the lattice-
mismatched Mg, Cd,_,Se region could significantly reduce the defect density in the
LED structures. Currently, the grading in the Mg,Cd;_,Se region is implemented
by shutting off power to the Mg cell shortly before growth of the Se layers, so the
thickness of the graded region is determined by the cooling time of the Mg source
cell. To reduce the thickness of the graded region requires implementation of a
valved Mg source, a shuttering scheme for the Mg source, or a small Mg cell with

fast thermal time constant.

4.2.3 SIMS

Secondary ion mass spectrometry (SIMS) is often used for studying impurities
because of its excellent chemical sensitivity (parts per million to parts per billion)
and reasonably good depth resolution (> few nm). The underlying principle of
SIMS is to chemically profile a sample by performing mass spectrometry on ions
that have been sputtered from the sample surface. More details on the SIMS
technique are given in Chapter 6.

The SIMS data shown in Figure 4.3 was taken by researchers at Charles Evans
and Associates using 14.5 keV Cs* ion bombardment for the C, O and Sb profiles,
and 8.0 keV OF ion bombardment for the As profile. It should be noted that Al

Ga, In and N were also profiled with roughly the same results, but were not shown
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for clarity purposes. The sputtering was performed over a 350 um x 350 um area,
while the detected secondary ions were extracted from a 85 pm diameter area in
the center of the sputtered crater.

The first thing to notice in Figure 4.3 is that the impurity concentration is
significantly reduced in the sample shown in Figure 4.3(b) compared to sample
shown in Figure 4.3(a). Both samples are graded injector structures as described
in Section 4.2.1. The sample surface corresponds to a position of 0 A on the hor-
izontal axis. Similar to what occurred for the XRD data, no correlation between
impurity concentration and electroluminescence characteristics was observed. In
fact, despite the high impurity concentration in the sample shown in Figure 4.3(a),
it had much better electroluminescence properties than the sample shown in Fig-
ure 4.3(b), which luminesced primarily in the red. Thus, at present it is believed
that some mechanism other than impurity concentration is the limiting factor in
determining the electroluminescence properties of the LEDs.

A final observation regarding Figure 4.3 is that the impurity profiles for both
plots peak near the graded region (~ 1000 A). This could be due either to a
matrix effect in the graded region or to the gettering properties of Mg. So far,
no correlation has been observed between the impurity concentration within the
graded region and LED performance; however, this could be because other factors

are still limiting device performance.

4.3 Device Performance

4.3.1 Current-Voltage Characteristics

Figure 4.4 shows the current-voltage characteristics for a typical graded electron
injector LED using both linear and logarithmic scales for the current density. The
current-voltage characteristics for the devices are excellent, with almost no reverse

bias leakage current and a low forward bias turn-on voltage, indicative of good
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ohmic contacts and a reasonably low series resistance. This is expected, given that
the underlying principle of the graded electron injector concept is to avoid doping
and contacting problems by using a heterojunction design.

The current-voltage characteristics shown in Figure 4.4 are comparable to the
best obtained in the ZnSe-based material system [2], and the only deviation from
an ideal current-voltage curve is that the current onset occurs at a slightly lower
voltage than in an ideal structure, as indicated by the dotted lines. This is most
likely due to leakage current caused by non-optimal grading of the Mg,Cd;_,Se
layer and could probably be remedied by better control of the graded region, as

will be discussed in more detail elsewhere [3].

4.3.2 Electroluminescence

Figure 4.5 shows a representative electroluminescence (EL) spectra from a graded
electron injector structure biased at 2.8 V. The dominant peak at ~ 2.23 eV and
the absence of a peak at ~ 1.74 eV indicate that electrons have been successfully
injected into the ZnTe layer while holes have been blocked from entering the CdSe
layer. This is further evidence for the successful implementation of the graded
electron injector scheme. The feature at ~ 1.95 eV is present to some extent in
all of the graded injector devices fabricated thus far. The intensity of this peak
relative to the ZnTe peak varies from sample to sample even when grown under
nominally identical conditions. Depending on the relative intensities of the 1.95
eV and 2.23 eV peaks, the EL can appear yellow or even red, when the intensity
of the 1.95 eV peak is large enough. It should be noted that the low-energy peak
is also observed in photoluminescence (PL) studies. The source of this low energy

EL/PL peak is currently not known and is still under investigation.
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Figure 4.5: Electroluminescence data from a graded electron injector LED struc-

ture.

4.3.3 External Quantum Efficiency

The external quantum efficiency of the graded electron injector LEDs is still not
very high, with the best efficiency to date being 0.007%. There are a number of
reasons for this rather low value, the first of which is related to extraction of the
light radiated from the ZnTe active region. It has been shown that the external
quantum efficiency of an LED can be drastically affected by the efficiency of the
light extraction [4, 5]. Figure 4.6 shows a schematic view of the graded injector
device and some possible contacting schemes to the CdSe. Since the CdSe cannot
be grown very thick, due to strain and absorption considerations, a contacting
scheme must be devised which spreads current over the entire surface of the mesa
while still allowing radiated light to escape.

The first contacting scheme used was a thick Zn cap. During the etch step of
the processing, the Zn cap etched at a much faster rate than the II-VI materials,
resulting in a narrow region around the edge of the device where light could escape.
This procedure was not ideal, as only a small fraction of the radiated light was

extracted from the device. Another approach used a thick Au/Ge pad to contact
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Figure 4.6: Schematic diagrams of the graded electron injector device (top) and
some possible contacting schemes (bottom). The Zn cap (left) allows light ex-
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Au/Ge contacting scheme (center) improves on the Zn cap, and the ITO contacting

scheme (right) should result in even better light extraction.
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the CdSe layer and a thin Au layer (a few 100 A) to uniformly spread the current
over the surface of the mesa. This approach is better than the Zn cap in that
less of the mesa surface is light-absorbing; however, it is still not ideal since the
Au/Ge is completely opaque and the thin Au layer is partially absorbing and not
very robust. This is the method used in present devices. A better approach being
investigated would be to use indium tin oxide (ITO), which is both transparent
and conductive. This scheme would significantly improve external quantum effi-
ciencies by allowing light to escape over the entire top surface of the mesa without
significant absorption.

Another light extraction issue is the substrate. The GaSb substrates used in
present devices completely absorb any light emitted in the downward direction. If
ZnTe substrates of sufficient quality were available, the external quantum efficiency
would be further improved since light emitted into the substrate would not be
absorbed.

Another component of the external quantum efficiency is the actual efficiency
of radiative recombination at the desired wavelength. Mechanisms such as non-
radiative recombination via leakage current through the graded region could con-
siderably lower the overall external quantum efficiency. Thus, it is important to
optimize the Mg,Cd;_,Se graded region so as to reduce leakage current to a min-
imum. The thickness of the ZnTe active region also plays an important role in
the radiative recombination efficiency. If this layer is thinner than the electron
diffusion length, a significant fraction of the carriers will reach the GaSb buffer
layer before recombining, lowering the external quantum efficiency. One way to
alleviate this problem is to use QWs or confining layers (see Chapter 2) to trap
the carriers and increase the radiative recombination efficiency. This is currently
being investigated.

Thus, the external quantum efficiency of the graded electron injector LEDs is
currently not very high. However, a number of approaches are available to increase

both the extraction and the radiative recombination efficiencies, thereby increasing
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the overall external quantum efficiency.

4.3.4 Device Degradation Studies

The most important issue in determining the feasibility of LEDs and LDs based on
II-VI semiconductors is that of device reliability. II-VI semiconductors materials
are well known for their softness, especially when compared to the very rugged
nitrides. Preliminary studies of LEDs based on the graded electron injector design
have shown evidence for long device lifetimes, but in general the device lifetimes
have been poor.

Figure 4.7 shows plots of normalized photodiode current versus time for two
separate devices. Figure 4.7(a) shows the lifetime characteristics for an early de-
vice grown on a ZnTe substrate with undoped ZnTe epilayers. The current-voltage
characteristics and efficiencies for this device were very poor; however, the device
reliability was relatively good, with less than 50% degradation after ~ 1500 hours.
After subsequent implementation of p-type doping of ZnTe, higher purity Mg and
better quality substrates (GaSb), the device lifetimes are as shown in Figure 4.7(b).
Despite much improved external quantum efficiencies and current-voltage charac-
teristics, the device lifetimes are much poorer than in earlier devices. Notice the
change in scale for the time-axes in the two plots.

The cause for the reduction in device lifetimes is still uncertain. One possibility
is that it is related to the N-doping of the ZnTe. Another possibility is that growing
on GaSb instead of ZnTe substrates results in a higher defect density which will

reduce device lifetimes. These and other explanations are still under investigation.

4.4 Summary

In conclusion, successful implementation of the graded electron injector scheme has

been demonstrated. The current-voltage characteristics show diode-like behavior
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with low turn-on voltages and low series resistances. Also, green luminescence from
radiative recombination within the ZnTe layer shows that the graded Mg,Cd;_,Se
layer is functioning properly.

However, a number of issues still need to be addressed in order to achieve
high-performance LEDs based on the graded electron injector design. These in-
clude structural quality, spectral purity, external quantum efficiency and device
lifetimes. Poor structural quality of the devices was observed in the form of high
defect densities in the TEM data and large FWHMs in some of the XRD data.
SIMS analysis shows high impurity concentrations in some of the devices. Although
no correlation was observed between LED performance and defect densities, XRD
FWHM and impurity concentrations, reduction of these quantities should eventu-
ally improve overall device performance.

Spectral purity problems were indicated by the presence of a variable intensity,
low energy luminescence peak observed in the EL spectra. This peak must be
eliminated in order to consistently achieve high-performance LEDs. The external
quantum efficiency is still not optimal, and a number of improvements on the
present LED design should allow for much higher efficiencies. The issue of device
lifetimes is another issue critical to the long term feasibility of the graded electron
injector device. Present device lifetimes are poor, and it remains to be determined
whether this is a consequence of the N-doping of ZnTe, due to lack of control of the
graded region, or a problem intrinsic to the relatively soft II-VI semiconductors.

In conclusion, the graded electron injector LED design shows promising results,
but a number of important issues must be addressed before the long term feasibility

of this approach can be demonstrated.
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Chapter 5

Surface Exchange Reaction

Studies

5.1 Introduction and Outline

The mixed anion arsenide/antimonide system has a number of technologically in-
teresting applications, including InAs/AlSb oscillators operating at frequencies
greater than 700 GHz [1], novel InAs/AlSb/GaSb based [2, 3, 4] and InAs/GaSh
based [5] tunnel structures and InAs/Ga;_4In.Sb infrared (IR) superlattice (SL)
detectors [6, 7). One of the main problems in growing such devices is control-
ling the structural and chemical properties of the interface. However, this is very
difficult because of the different bond strengths, surface free energies and bond
lengths at the interfaces in these systems. As well, III-V structures are typically
grown with group V overpressures, since their vapor pressures are much larger
than those of the group III elements. For growth of mixed anion structures,
this overflux of the group V element becomes a problem and can lead to cross-
incorporation of the anion species and variation in interface composition [8]. In IR
SL structures cross-incorporation of the anion species can result in shorter carrier

lifetimes and poor quality material, while interfacial composition affects the type
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and level of background doping as well as the SL bandgap, due to changes in the
strain configurations at the interface [9]. Furthermore, the interface composition
in the InAs/AlSb system affects the carrier mobility, carrier concentration and
the InAs/AlSb valence band offset [10, 11]. Thus, it is important to be able to
grow arsenide/antimonide structures with no anion cross-incorporation and with
abrupt, composition controllable interfaces. To do this, the detailed mechanisms
of the interface formation must be understood.

In this chapter, we use X-ray photoelectron spectroscopy (XPS) and reflection
high energy electron diffraction (RHEED) to study interface formation during
molecular beam epitaxy (MBE) growth of GaSb/InAs structures. The GaSb/InAs
system is more amenable to XPS study than In,Ga;_»Sb/InAs due to the presence
of unique elements on both sides of the heterojunction. Furthermore, since the
problems in controlling arsenide/antimonide interfaces are associated with their
mixed anion nature, the results of our study should be extendible to any of the
arsenide/antimonide structures described above.

The XPS experiments study the core level peak intensities and binding energy
separations as a function of cracker power and soak time. The soaks, or interrupts
as they are sometimes called, consist of exposing an InAs or GaSb surface to an Sb
or As flux, respectively, and are intended to mimic the soaks used in GaSb/InAs
heterostructure growths. The XPS core level peak intensities and binding energy
separations are used to determine the extent of the exchange reactions. Results
from both As soaks of GaSb surfaces and Sb soaks of InAs surfaces are presented.

RHEED specular streak intensity analysis was also used to monitor the ex-
change reactions during growth. The advantage of RHEED as a method to char-
acterize these reactions is that it is a real-time, in situ measurement. However, it
provides only near surface structural information, hence it is necessary to corre-
late the RHEED data with a chemical analysis technique such as XPS in order to
accurately characterize exchange reactions.

In Section 5.2, we describe the MBE growth and the details of the XPS and
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RHEED experiments. Section 5.3 contains brief descriptions of the data analysis
procedures used. Section 5.4 presents the results from the XPS and RHEED
studies. In Section 5.5 we discuss the results and their significance to interface

abruptness studies, and Section 5.5 concludes the chapter.

5.2 Experiment

5.2.1 Sample Growth

All of the structures studied here were grown in a Perkin-Elmer Model 430 MBE
system equipped with cracked Sb and As sources. Two cracker powers, 80% and
40%, were used to emulate growth systems with and without cracked sources re-
spectively. We refer to the source fluxes by their primary component; Sby and
Asy (uncracked) at 40% cracker power, and Sby and As, (cracked) at 80% cracker
power. The structures were grown on a number of different (100) substrates (GaAs,
n-GaSb, p-GaSb), with no variation in results. Samples were grown on thick stress
relaxed GaSb buffer layers at a substrate temperature of ~ 380°C. Multiple sam-
ples grown on the same substrate were separated by buffer layers thick enough to
prevent detection of underlying layers with XPS. More details of the growth may
be found in Ref. [12].

5.2.2 XPS and RHEED Measurements

The XPS measurements were obtained using a Perkin-Elmer Model 5100 analysis
system with a monochromatic Al Ka source (hv = 1486.6 €V). All of the samples
studied were transferred from the growth chamber to the XPS chamber via an
ultrahigh vacuum transfer tube. The base pressure in the XPS chamber was typi-
cally ~1 to 5 x 10710 Torr. Care was taken to ensure that the escape orientation
of the photoelectrons remained constant from sample to sample to minimize any

electron diffraction effects due to the single crystalline nature of the samples. More
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details of the XPS experimental setup are given in Section 1.3.4.

The RHEED studies presented here were performed by another researcher.
Some details of the RHEED experimental setup are given in Section 1.3.4. More
details of the RHEED experiment can be found in Ref. [13]. Briefly, the RHEED
pattern on the phosphor screen is acquired using a CCD camera and digitized
into a 640 x 480 array of single-byte data. From this, the streak separation and
specular streak intensity can be extracted. In this study, only the specular streak

intensity was used to characterize the exchange reactions.

5.3 Data Analysis

Figure 5.1 shows two sample XPS spectra. Figure 5.1 (a) shows a spectrum from
an InAs epilayer after exposure to a 15 second Sb, soak, and Figure 5.1 (b) shows
a spectrum from a GaSb epilayer after exposure to a 240 second As, soak. The
data analysis for the Sb soaks of InAs surfaces consisted of isolating the Sb 4d, In
4d and As 3d core level peaks, performing an integrated background subtraction
on each peak, fitting these peaks to Voigt functions and finally determining the
corresponding integrated intensities and core level binding energies. From the peak
Intensities, we were able to estimate the Sb coverage on InAs. A similar procedure
was used for analysis of the As soaks of GaSb surfaces, except that the As 3d,
Ga 3d and Sb 4d peaks were used. To estimate the group V coverage, we used
a simple attenuation model based on published effective photoelectron mean free
paths (MFPs) [14, 15, 16]. Due to the uncertainty in these MFPs, this procedure
cannot be used to determine precise compositions; however, comparisons between
samples and qualitative estimates of surface coverage are valid.

Some care must be taken in the data analysis described above. As seen in
Figure 5.1(a), some of the XPS features overlap. For example, the In 4d plasmon
loss tail interferes with the Sb 4d peak. To isolate the Sb 4d peak, we first fit the

In 4d peak while constraining the peak shape to that obtained from a bulk InAs
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and (b) 240 sec. As, soak of a GaSb surface.
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standard. Then, using the same InAs standard, we perform spectrum stripping to
remove the In 4d loss tail from the Sb 4d signal. Figure 5.2 shows a representative
Sb 4d peak after background subtraction (dots), and the resulting fitted Voigt
functions (solid). The dotted lines denoting the individual Sb 4d components are
discussed below. The Sb 4d loss tail was stripped from the As 3d peak following
the same procedure, using GaSb as the standard from which to obtain the shape
of the plasmon loss tail. An analogous procedure was used to isolate the Ga 3d,
Sb 4d and As 3d peaks for the spectra obtained from As soaks of GaSb surfaces.

In addition to interferences from overlapping features, chemically shifted com-
ponents must also be properly accounted for in the analysis. Chemically shifted
XPS peaks are important because they are an indication of multiple bonding con-
figurations, and because they can skew measured peak intensities if not properly
analyzed. Figure 5.2 shows the Sb 4d signal from a sample consisting of a 15
second Sby soak of an InAs surface. The two spin split doublets comprising the
Sb 4d peak were obtained by stripping off the In 4d loss tail, subtracting the in-
tegrated background function and fitting the resulting spectra to two Sb 4d peaks
with their peak shapes constrained to that of Sb 4d from a GaSb standard. Only a
vertical scale and a binding energy (BE) parameter were allowed to vary for each
of these doublets for a total of four parameters. Using this technique, core level
binding energy separations and peak intensities on identical samples were typically
reproducible to better than + 0.03 eV and £5%.

The RHEED data analysis was performed by another researcher, and a de-
tailed explanation can be found in Ref. [13]. Briefly, the RHEED specular streak
intensity was monitored in real time as a function of soak time and cracker power.
Figure 1.11 in Chapter 1 shows a schematic diagram of the experimental setup used
to extract the RHEED specular streak intensity. Upon initiation of an Sb soak,
the specular streak intensity decreases and then recovers with a characteristic time
dependent on the Sb source cracker power. By studying the time-dependency of

the RHEED intensity and comparing it with the XPS results, we hope to infer a
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Figure 5.2: Sb 4d peak from 15 sec. Sby soak of an InAs surface. Data is fitted

with two chemically shifted peaks with lineshapes constrained to that of Sb 4d
from bulk GaSh.
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correlation between the RHEED data and the chemical exchange reaction at the

surface of the samples.

5.4 Results

5.4.1 Sb Soaks of InAs Surfaces

The experiments on Sb soaks of InAs surfaces were done in two parts. In the first
experiment, the Sb cracker power and soak time were chosen to duplicate the con-
ditions during growth of actual devices. For the 5 second Sb soaks of InAs surfaces,
the As 3d to In 4d peak intensity ratio relative to that of bulk InAs decreased by
18% and 1% for Sby and Sby soak species respectively. We also observed a much
larger Sb component for the Sby soak as shown in Figure 5.3. Using the simple
attenuation model mentioned above, this corresponds to a majority of the termi-
nating As layer being exchanged during the Sb, soak, and very minimal exchange
during the Sby soak. Due to the uncertainty in published MFPs, we can only
estimate relative changes in coverage, and cannot quote exact values.

In the second Sb soak experiment, Sb coverage on InAs as a function of both
cracker power and soak time was studied. Since the 5 second Sb, soak at growth
conditions resulted in roughly complete exchange of the As terminated surface, the
bulk evaporator temperature was lowered to reduce the total Sb flux impinging on
the sample surface by roughly 80%. This increases the exchange time, allowing
better temporal resolution of the exchange process. Figure 5.4 shows the ratio of
the Sb 4d to In 4d peak intensities as a function of soak time for (a) 40% cracker
power, and (b) 80% cracker power. As expected, the Sb coverage increases with
time of soak and, at low soak times, is significantly greater for cracked soaks than
for uncracked soaks. The dotted and dashed lines in Figure 5.4 and the chemically
shifted Sb 4d component shown in Figure 5.2 are discussed below.

It should be noted that some concern has been raised over why the exchange
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Figure 5.3: XPS spectra for Sb soaks of InAs surfaces (top) and As soaks of GaSb
surfaces (bottom). Spectra from bulk samples (solid), uncracked sources (dashed)

and cracked sources (dotted) are shown.



(o

0.4

0.3

Sb 4d to In 4d Peak Intensity Ratio

(o))

0.4

0.0

Sb 4d to In 4d Peak Intensity Ratio

137

00— Total Sb signal
a----8Low BE component /

& - -A High BE component 0.0
_° o
................. ]
R o ..., g ' R
CA—m pommpmm AT A
200 400 600
Sb, Soak Time (sec)
a----0Low BE component ..‘.
- M B O 60 6
& - -A High BE component
200 400 600

Sb, Soak Time (sec)

Figure 5.4: Sb 4d to In 4d peak intensity ratio as a function of soak time for (a)

cracked, and (b) uncracked Sb sources. Components of the total peak are also

shown (dotted and dashed lines). Lines are drawn to guide the eye. In plot (b)

lines extend to additional data points at 1800 s.



138

1.5 r T p— T 1.5 l T T T T
s Cracked Sb flux | Sbs Uncracked Sb flux
e
2 on InAs surface | " { exposure  on InAs surface
exposure

I
1.0 | \ B----@--=---"~"1 1.0
|

Sb coverage/RHEED Intensity

I
|
I
Ly |
1\ '
1 I
o5 ) ] 05}
! b
I G-OSb S C | 9 G-©Ssb Surface Coverage
! - ©Sb Surfoce Coverage S
|,' — RHEED Spot Intensity I K — RHEED Spot Infensity
] ll/
0.0 & : ' 0.0 L : -
0 10 20 0 20 40 60
Sb, exposure Time (sec) Sb, exposure Time (sec)

Figure 5.5: RHEED (solid) and XPS measured Sb coverage (dashed with open cir-
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reaction should proceed at all, given that the InAs bond strength is greater than
that of InSb. The explanation is that even though the displacement of As with
Sb to form InSb from InAs is unlikely, due to the differing bond strengths, the
constant flux of Sb coupled with the absence of a source of As allows the exchange
reaction to proceed.

Figure 5.5 shows a comparison of RHEED and XPS data for Sb soaks of InAs
surfaces. The vertical axis in each plot shows both the normalized RHEED specular
streak intensity (solid lines) and the normalized Sb coverage as determined by
XPS (dashed lines with open circles). The horizontal axis shows the exposure, or
equivalently, soak time for a cracked (left plot) or an uncracked (right plot) Sb

flux incident on the InAs surface. The vertical dashed line in each plot represents
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the start of the exposure. In these plots we see the characteristic drop off and
subsequent recovery in the RHEED specular streak intensity, but more importantly
we see that the recover time of the RHEED profile is similar to the rise time of

the XPS Sb coverage profile. The significance of this is discussed in Section 5.5.

5.4.2 As Soaks of GaSb Surfaces

The studies of As soaks of GaSb surfaces consisted of two parts. In the first
experiment, the soak time was held constant at 5 seconds, while the cracker power
was varied. The bottom plot of Figure 5.3 shows the results of this experiment.
Examining the As 3d peak, we immediately observe a qualitative increase in the
extent of the exchange reaction when using As, as compared to Ass. In addition,
for the 5 second Ass soak of a GaSb surface, the Sb 4d to Ga 3d peak intensity ratio
decreased by 26% relative to bulk GaSb. The decrease in the same peak intensity
ratio for an Asy soak is 7%. This corresponds to roughly complete exchange of
the terminating Sb layer for the As; soak and partial exchange for the Asy soak.
Again, exact values for the extent of the exchange reaction cannot be determined
due to uncertainties in the photoelectron MFPs.

In the second soak experiment, As coverage on GaSb as a function of As, soak
time was studied. Figure 5.6 shows the ratio of the As 3d to Ga 3d peak intensities
as a function of soak time. Similar to the Sb soaks of InAs surfaces, the occurrence
of an exchange reaction is readily observed. However, for the As, soak of a GaSb
surface we observe no saturation in the As 3d for longer soak times. This indicates
that the exchange reaction of As for Sb proceeds past the terminating Sb layer,
down into the underlying GaSb. More justification for this conclusion is given in

the next section.
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5.5 Discussion

5.5.1 Sb Soaks of InAs Surfaces

Since there is so much uncertainty in the published electron MFPs [14, 15, 16], we
are not able to accurately calculate surface coverages for any given group V soak
experiment. However, we can estimate these surface coverages by studying the
time dependent soak experiments. To do this for the Sb soaks of InAs surfaces,
we need to determine the source of the chemically shifted Sb 4d component shown
in Figure 5.2. A detailed analysis of this peak shows a variation in the magnitude
of the chemical shift of more than 0.1 eV. This is a large variation considering
that the chemical shift is only ~ 0.5 eV; however, as can be seen in Figure 5.7,
analysis of the higher BE Sb 3ds/, core level reveals a nearly identical variation in
the separation between its constituent peaks. This demonstrates that the variation
in peak separation is a real effect and not an artifact of the XPS data acquisition.
A representative, fitted Sb 3ds/» peak is shown in the inset in Figure 5.7, and a
representative, fitted Sb 4ds/, peak is show in Figure 5.2. In both cases, the peak
shapes were constrained to those obtained from bulk GaSb.

One possible explanation for the second Sb component might be a surface
reconstruction related shift; however, the lack of a shifted component at very low
soak times argues against this theory. Another possible explanation for the two
Sb components is the formation of metallic Sb islands. If true, then based on the
direction of the observed chemical shift, the higher BE Sb peak should be due to
the islands [17]. To check this, we measured the BE of metallic Sb 4d, from a
thin metallic Sb layer grown on InAs. The measured Sb 4d BE was less than the
BE of the shifted Sb 4d peak, which is consistent with the shifted peak being due
to metallic Sb islands, since islanding can shift peaks to higher binding energy.
Island formation also provides an explanation of the variation in the position of

the chemically shifted peak, since changes in average island size can cause a change



142

0.8
3
-~ 0
.06 r O O -
Im O 8
W 8 o 3
(]
0  E
— OSb 3d,,
2 041 ospad T
(]
> —
o =
(<) S
c =
= 2
O 0.2 o) .
£ k=
©
£
m ‘ . ‘ ) ]

531 529 527 525
Binding Energy (eV)
OO | | | ! L l !

0 1 2 3 4 5 6 7 8
Sample Number

Figure 5.7: Energy separation between the two component peaks for the Sb 3d
and Sb 4d core levels. The same fluctuation in separation is observed for both
peaks. Inset shows components comprising Sb 3d peak. Sb 4d peak is shown in

Figure 5.2.



143

in the magnitude of the chemical shift.

In addition, the energy separation between the lower BE Sb 4d peak and the
In 4d peak is stable, making it reasonable to believe that this peak is due to an
exchanged layer of Sb bonded to In which should be stable from sample to sample,
while the higher BE peak, due to islanding, is more apt to vary from sample to
sample. Also, referring to Figure 5.4, we see that since the low BE Sb peak in both
the cracked and uncracked soaks stabilize at roughly the same value, it is quite
possible that the steady state value corresponds to exactly one monolayer of Sb
atoms exchanging with the As terminated InAs surface. If this is the case, then the
coverage obtained with the Sbe device-like soaks is slightly less than one monolayer,
as indicated by the arrow in Figure 5.4 (b). It should be noted that even if the
islanding explanation proposed above is incorrect, the fact that the soaks currently
used in heterojunction growth occur in a region where the coverage is dependent
on the time of soak indicates that further optimization of growth parameters may
be possible.

The conclusion that the Sb exchange with As is self-terminating at one mono-
layer is significant in that it predicts that a GaSb-on-InAs interface should be able
to be grown with abrupt InSb interfaces. This can be done by terminating an
InAs layer with As, soaking the sample with Sb until the exchange has proceeded
to completion, leaving InSb bonds, and finally, proceeding with GaSb growth. The
excess metallic Sb produced by the soak will be consumed during the GaSb growth
and will not interfere with the interface abruptness. Chapter 6 examines in more
detail the issue of interface abruptness for GaSb/InAs interfaces.

Another important result of the Sb on InAs soak studies is the correlation be-
tween the RHEED and XPS results shown in Figure 5.5. The agreement between
the recovery time in the RHEED data and the rise time in the XPS data is signifi-
cant, especially considering that the two analysis techniques measure very different
quantities: the RHEED profile is a measure of the structural properties of the sam-

ple surface during the Sb soak of a single InAs surface, while the XPS profile is a
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direct chemical measurement of the exchange reaction for a number of InAs sam-
ples, each exposed to an Sb soak of differing durations. The similarity between the
RHEED and XPS profiles, coupled with the observation that the minima in the
RHEED profiles correspond to roughly 50% exchange as determined from XPS,
indicate that the drop in the RHEED streak intensity may be due to differences in
the Sb and As form factors for electron scattering. This would explain the recovery
in the RHEED streak intensity as the exchange proceeds towards full exchange of
the terminating As layer with Sb. Another possible explanation is that partial
exchange of the As layer with Sb causes surface roughening which will also reduce
the specular streak intensity.

Regardless of the exact mechanism for the behavior of the RHEED specular
streak intensity, the close correlation between the RHEED and XPS recovery and
rise times indicates that RHEED can be used to monitor surface exchange reac-
tions. This is very important, since RHEED is a real-time analysis technique which

can be used during the growth of actual devices.

5.5.2 As Soaks of GaSb Surfaces

It was shown in Section 5.4.2 that for As soaks of GaSb surfaces, the As signal
as measured by XPS is not self terminating (see Figure 5.6). Without further
investigation, it cannot be concluded whether the continued increase in the As
signal is due to accumulation of As at the sample surface, or continued exchange
of As for Sb down into the underlying GaSb.

Figure 5.8 shows Sb 4d to Ga 3d and Ga 3p to Ga 3d peak intensity ratios
plotted as a function of As, soak time. The peak intensity ratios are normalized
to peak intensity ratios for bulk GaSb. We see a significant drop in the Sb 4d to
Ga 3d peak intensity ratio for longer soak times, which strongly indicates that the
exchange of As for Sb is proceeding past the top monolayer. However, since the

binding energy of the Sb 4d core level is larger than that for Ga 3d, part of the
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decrease in the Sb to Ga peak intensity ratio could be attributed to the stronger
attenuation of the Sb 4d peak if there existed an overlayer of As on the sample
surface. Recall that a larger binding energy corresponds to a smaller photoelectron
kinetic energy, which translates into a shorter MFP.

If this were true then we should observe an even stronger decrease in the Ga
3p to Ga 3d peak intensity ratio, because the binding energy of the Ga 3p peak
is larger than that of the Sb 4d peak. Since the Ga 3p to Ga 3d peak intensity
ratio is independent of the As, soak time, we can safely conclude that both the
continued increase in the As 3d peak intensity and the continued decrease in the
Sb 4d to Ga 3d peak intensity ratio for longer soak times is due to exchange of As
for Sb past the terminating monolayer of Sb, and into the underlying GaSb.

The exchange of Sb with As was somewhat expected, given that the GaAs bond
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Figure 5.9: Schematic diagrams of the surface exchange reactions for Sb soaks
of InAs surfaces (left), and As soaks of GaSb surfaces (right). Note the self-
terminating nature of the exchange shown on the left as compared to the exchange

shown on the right.

strength is greater than that of GaSb. However, the exchange into the underlying
GaSb was unexpected and is very significant to studies of interface abruptness.
What the XPS results show is that an InAs-on-GaSb interface grown using an
As soak at the interface will result in an extended GaAs-like interface unless the
As soak time is very precisely monitored. Even with precise monitoring it may
be that the interface will not be abrupt, with As exchanging deep into the GaSh
in some regions, and less than complete exchange in other regions. The issue of
interface abruptness for InAs/GaSb heterojunctions is discussed in more detail in

Chapter 6.

5.6 Summary
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In conclusion, we have used XPS and RHEED to study in sttu, the dynamics of
the formation of the mixed anion InAs/GaSb interface as a function of cracker
power and soak time. For the studies of exchange as a function of cracker power,
it was found that anion exchange occurs more readily when using cracked versus
uncracked sources during the soak. This was true for both Sb soaks of InAs
surfaces, and As soaks of GaSb surfaces.

Varying the soak time for Sb soaks of InAs surfaces showed a saturation of the
Sb coverage for longer soak times. Based on detailed analysis of the XPS core level
peaks, we see evidence for island formation and conclude that the steady state
coverage may correspond to monolayer exchange of the As terminated surface
with Sb and the formation of metallic Sb islands. This is shown schematically
in Figure 5.9. Since soaks used in actual device growths presently lie in a region
where variations in soak time may vary the extent of the group V exchange, further
optimization of interface characteristics may be obtained by modifying these soak
times. The saturation of the exchange reaction after one monolayer for Sb soaks
of InAs surfaces suggests that the growth of GaSb-on-InAs interfaces can be made
abrupt with InSb interfaces.

Parallel studies, during the surface exchange reaction, of the RHEED specular
streak intensities correlate well with the XPS data. The recovery times for the
RHEED intensities profiles were similar to the soak times for saturation of the XPS
Sb signals. It was concluded that the partial exchange of the terminating monolayer
of As causes the RHEED intensity to decrease through differing form factors for
As and Sb, or through surface roughening, and that full exchange restores the
specular streak intensity. This is significant in that the RHEED pattern can be
used to monitor the surface exchange reaction in real-time, during the growth of
device structures, which cannot be accomplished using XPS alone.

For Asy soaks of GaSb surfaces it was found that the measured XPS As 3d to
Ga 3d peak intensity ratios did not saturate for longer soak times. This was in

contrast to the results obtained for the Sb soaks of InAs surfaces. By studying the
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Sb 4d to Ga 3d and Ga 3p to Ga 3d peak intensity ratios, it was determined that
As was exchanging with not only the terminating Sb layer at the surface of the
GaSb, but was also exchanging with Sb in the underlying GaSb. This is shown
schematically in Figure 5.9. This result is very significant, because it shows that
an InAs-on-GaSb heterojunction grown using an As interrupt will result in an
extended GaAs-like interface, and that very precise shuttering would be required

to obtain an abrupt GaAs interface for the InAs-on-GaSb growth order.
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Chapter 6

InAs/GaSb Heterojunction
Studies

6.1 Introduction and Outline

This chapter presents two studies of the InAs/GaSb heterointerface. The first set
of experiments examine the InAs/GaSb band alignment using XPS. The valence
band offset is measured as a function of both the nominal interface composition and
the growth order. In the second part of the chapter, we present a detailed study
of the abruptness of the InAs/GaSb interface, again as a function of both nominal
interface composition and growth order. A number of characterization techniques
(XPS, RHEED, cross-sectional STM and SIMS) were used in this study. It should
be noted that the RHEED, cross-sectional STM and SIMS studies were performed
by other researchers, but are included here for completeness [1).

Section 6.2 presents the XPS measurements of the InAs/GaSb valence band
offset. The interface abruptness studies are presented in Section 6.3, and the

results from both studies are summarized in Section 6.4.
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6.2 InAs/GaSb Band Alignment Studies

6.2.1 Motivation

The InAs/GaSb valence band offset is an important parameter for a number
of device applications, and is relevant to fundamental studies of band align-
ments in mixed anion/cation material systems. The device applications in the
InAs/GaSb/AlSb material system include: InAs/AlSb oscillators operating at fre-
quencies greater than 700GHz [2], novel InAs/AISb/GaSb based [3, 4, 5] and
InAs/GaSb [6] tunnel structures, and InAs/Gay_,In,Sb infrared (IR) superlattice
(SL) detectors [7, 8]. For many of these applications, the band alignment plays a
critical role in the device performance; however, determination of band alignments
in mixed anion/cation systems is complicated by the fact that two different types
of interfaces can be formed. In the case of an InAs/GaSbh heterojunction, both
InSb-like and GaAs-like interfaces can be formed. It is very important to deter-
mine what effect changing the interface composition has on band alignments in the
InAs/GaSb material system as well as in other mixed anion/cation systems.

The InAs/GaSb valence band offset has been experimentally measured by a
variety of techniques [9, 10, 11, 12]; however, none of these studies addressed the
issue of interface composition. A number of theoretical studies have predicted that
the InAs/GaSb valence band offset should depend on the interface composition
[13, 14, 15]. These theories predict that the InAs/GaSb valence band offset should
be larger for an InSb-like interface compared to a GaAs-like interface; however, the
magnitude of this effect ranges considerably, from 31 to 150 meV, depending on
which theory is used. Additionally, Gualtieri et al. [12] observed a 50 meV larger
valence band offset for InAs grown on GaSb compared to GaSb grown on InAs;
however, this was deemed to be within the experimental uncertainty.

The effect of interface composition and growth order on the valence band offset

has also been studied in other material systems. For example, the InP/GalnAs
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valence band offset shows a 180 meV asymmetry with growth order due to a
change in the interface composition, whereas the GaInP/GaAs valence band offset
shows no such asymmetry [16]. The InP/GalnAs result is in contradiction with
Hybertsen’s calculations [17], which predict no dependency of the valence band
offset on interface composition or growth order. The InAs /AlSb interface has also
been studied for both InSb-like and AlAs-like interface compositions [18, 19]. In
those studies, a slight increase in the valence band offset was observed for the AlAs-
like interface compared to the InSb-like interface, but no change in the valence band
offset was noted for changes in the growth order.

Thus, there is significant motivation for studying the InAs /GaSb band align-
ment, both for device applications and as a fundamental study of band align-
ments to be applied to other material systems. We report measurements on the
InAs/GaSb valence band offset as a function of both interface composition and

growth order using X-ray photoelectron spectroscopy (XPS).

6.2.2 Experiment

All of the structures used in this study were grown in a Perkin-Elmer 430 molecular
beam epitaxy (MBE) system. A number of different (100) substrates (GaAs, n-
GaSb, p-GaSb) were used with no variation in results. Samples were grown on thick
stress relaxed GaSb buffer layers at a substrate temperature of ~ 380 °C. Multiple
samples grown on the same substrate were separated by buffer layers thick enough
to prevent detection of underlying layers with XPS. Hetero junction samples were
grown with thin (~ 20 A) overlayers, such that an XPS signal is detected from
both sides of the interface. X-ray diffraction of superlattice structures was used
to verify that the growth schemes used produced the correct nominal interface
compositions. Growth details may be found in Ref. [20].

The XPS measurements were obtained using a Perkin-Elmer Model 5500 anal-

ysis system with a monochromatic Al Ko source (hv = 1486.6 eV). All of the
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samples studied were transferred from the growth chamber to the XPS chamber
via an ultrahigh vacuum transfer tube. The base pressure in the XPS chamber was
typically ~3 x 10710 Torr. Care was taken to ensure that the escape orientation
of the photoelectrons remained constant from sample to sample to minimize any
electron diffraction effects due to the single crystalline nature of the samples.
The standard approach to determine valence band offsets using XPS is to mea-
sure core level to valence band maximum separations in bulk samples and core
level to core level separations in heterojunction structures. For example, referring
to Fig. 6.1, By — Elrds | EGe5b— G5t and EG#5° — BL2A4* would be measured in
bulk InAs, bulk GaSb, and InAs/GaSb heterojunction samples respectively, where
the Ecr and E, denote core level and valence band maximum binding energies for

the indicated material. The valence band offset is determined using
AB, = BIB9S — (BG™— B9~ (Bl BLr) (B EL). (6.1

Since we are only interested in changes in the valence band offset, and since core
level to valence band maximum separations are constant, variations in the valence

band offset are given by
§(AB,) = §(Egy” - EGi™). (6.2)

Thus, to determine changes in the valence band offset as a function of interface
composition, we need only to measure changes in core level separations in hetero-
Junctions with varying interface compositions. For the InAs/GaSb interface, four
different core level separations may be used to monitor changes in the valence band
offset: Ga 3d - As 3d, Ga 3d - In 4d, Sb 4d - As 3d, and Sb 4d - In 4d.

To determine core level energy separations, we use the following procedure,
given in more detail in Ref. [21]. For each core level we remove any interfering
loss tails, implement an integrated background subtraction, and finally perform a
least square fit to Voigt functions. Since the In 4d and Ga 3d peaks overlap, we
constrain their shapes to be those obtained from InAs and GaSb bulk standards,
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Figure 6.1: Schematic diagram showing XPS binding energy separations used in

valence band offset measurements.
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in order to reduce the number of fitting parameters. The Ga 3d and In 4d loss tails
which interfere with the Sb 4d core level were stripped using InAs and GaAs bulk
standards respectively. Figure 6.2 (a) shows a representative unprocessed XPS
spectrum for a GaSb-on-InAs heterojunction. Figure 6.2 (b) shows the resulting

normalized fit of the As 3d, Sb 4d, Ga 3d and In 4d core level peaks. Core level

separations for a given sample are typically reproducible to better than 0.02 eV.

6.2.3 Results and Discussion

The resulting average core level energy separations for both InAs-on-GaSb and
GaSb-on-InAs growth orders, and for both InSb-like and GaAs-like interface com-
positions are shown in Table 6.1.  Multiple XPS spectra and structures were
analyzed for each of the growth orders and interface compositions as indicated by
x:y where x and y represent the number of samples and the total number of XPS
spectra acquired, respectively. From Equation 2, changes in the peak separations
reflect changes in the valence band offset, §(AEy ). For the GaSb-on-InAs growth
order, the average change in the valence band offset with change in interface com-
position is 0.003 eV. For the InAs-on-GaSb growth order, this value is 0.014 eV.
Both of these values are less than our experimental uncertainty (~ 0.02eV). Thus,
we observe no dependence of AEy on the interface composition for both growth
orders to within our experimental uncertainty.

Since the core level energy separations for a given growth order are independent
of interface composition, we can average these values for each growth order to
determine if the valence band offset changes in going from one growth order to
another. This is shown in Table 6.2. The first row in this table shows the average of
the core level separations for the GaSb-on-InAs growth direction for both interface
compositions. The second row in Table 6.2 shows the corresponding average core
level separations for the InAs-on-GaSb growth direction. The change in the valence

band offset in going from the GaSb-on-InAs to the InAs-on-GaSb growth direction
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Figure 6.2: Figure (a) shows an example of an unprocessed XPS scan of a GaSh-

on-InAs heterojunction. Figure (b) shows the fitted As 3d, Sb 4d, Ga 3d, and

In 4dcore level peaks after removal of interfering peaks, background subtraction,

normalization, and least squares fitting to Voigt functions.



158

Core Level Separations (eV)

Sample E1q 44- E 44- Eas 34 Eas 34-
Esy 44 Ega 34 Esp 44 Ega 34
GaSb-on-InAs
GaAs-like -14.698 -1.753 8.822 21.766
2:3 (0.003) (0.010) (0.003) (0.006)
InSh-like -14.685 -1.728 8.802 21.759
2:4 (0.003) (0.004) (0.013) (0.009)
5 (AEy) 0.013 0.025 -0.019 -0.008
InAs-on-GaShb
GaAs-like -14.572 -1.680 8.917 21.810
3:6 (0.007) (0.019) (0.016) (0.016)
InSh-like -14.570 -1.646 8.912 21.836
5:6 (0.011) (0.037) (0.015) (0.026)
) (AEV) 0.002 0.034 -0.005 0.026

Table 6.1: The measured core level separations for InSb-like and GaAs-like inter-

face compositions. The notation 2:4 represents two growths with a total of four

scans acquired. Values in parenthesis are the standard deviations for the respective

core level splittings. All spin-orbit split peak positions are measured with respect

to the J = 5/2 component.
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Core Level Separations (eV)
Sample Emn 44- Em 4a- Eas 3a- Eas 34-

Esb 44 Eca 34 Esp 44 Ega 34

GaSb-on-InAs

-14.691 -1.741 8.812 21.763

InAs-on-GaSb
-14.571 -1.663 8.915 21.823
§ (AEy) 0.120 0.078 0.103 0.060

extended GaSb-on-InAs
-14.635 -1.695 8.869 21.809

§ (AEy) 0.056 0.046 0.057 0.046

Table 6.2: The measured core level separations for both InAs-on-GaSb and GaSb-
on-InAs growth orders. Also included are the core level separations for an inten-
tionally extended GaSb-on-InAs interface. All spin-orbit split peak positions are

measured with respect to the J = 5/2 component.

is shown in the third row of this table. The average change is 0.090 eV with a
standard deviation among the four values of 0.027 eV, where the InAs-on-GaSb
interface has the larger valence band offset. This value is significantly larger than
the experimental uncertainty in the core level energy separations.

The exact reason why the valence band offset depends on the growth order is
still under investigation; however, it is most likely related to the asymmetry in the

InAs/GaSb interface. STM studies and recent growth studies provide a possible
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explanation for the difference in valence band offsets in terms of the interface
structure [22, 23]. The GaSb-on-InAs interface is found to be more abrupt than
the InAs-on-GaSh interface, with the latter exhibiting signs of Sb incorporation in
the InAs overlayer and an As/Sb exchange reaction in the underlying GaSb. More
details of the interface abruptness studies and the exchange reaction studies are
given in Section 6.3 and Chapter 5 respectively.

To verify this dependence of the valence band offset on interface structure, an
intentionally extended GaSb-on-InAs heterojunction was studied. The structure
was grown by opening the Sb shutter during the last three monolayers of the
InAs growth, producing an extended InSb-like interface. The measured core level
separations for this structure are shown in Table 6.2. From the core level binding
energy separations for this structure, we obtain a valence band offset that is 51 meV
greater than that for the nominally abrupt GaSb-on-InAs growth direction. This
value lies between that of the nominally abrupt GaSb-on-InAs and the extended
InAs-on-GaSb structures.

This is consistent with the hypothesis that the extended nature of the InAs-
on-GaSb interface is responsible for the difference in the InAs/GaSb valence band
offset for the two growth orders. Also, a detailed analysis of core level peak shapes
shows no evidence for chemical shifts or broadening. This result strongly indicates
that the change in valence band offset is not due to either band-bending effects
from surface fermi level pinning of the InAs surface or surface-induced chemical
shifts. Attempts to test these conclusions by altering the composition of the InAs-
on-GaSb interface produced no significant change in the InAs/GaSb valence band
offset, probably due to the inherent difficulty in growing abrupt InAs-on-GaSb
interfaces [23].

We still have not explained how an extended InAs/GaSb interface would pro-
duce a change in the valence band offset for this system. One possible explanation
is that an anti-structure defect [24], related to Sb cross-incorporation or As ex-

change, may produce a dipole moment, resulting in the observed change in the
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valence band offset. Initial estimates of the magnitude of this effect are consistent
with the observed change in the valence band offset and realistic concentrations (~
10 % of a monolayer) of anti-structure defects. The sign of the measured change
in the valence band offset is consistent with an anti-structure in the InAs-on-GaSb
samples, with group III atoms on group V sites followed by group V atoms on
group III sites as viewed from the sample surface down. Further investigations are
currently underway to determine the validity of this explanation.

To summarize, we have used XPS to measure the variation in the InAs/GaSb
valence band offset as a function of both interface composition (InSb-like and
GaAs-like) and growth order (InAs-on-GaSb and GaSb-on-InAs). The InAs/GaSh
valence band offset was observed to be independent of interface composition irre-
spective of growth order; however, between the two different growth orders, a 90
meV difference in the InAs/GaSb valence band offset is observed, with the InAs-
on-GaSb interface showing the larger valence band offset. The difference in valence

band offset is attributed to the extended nature of the InAs-on-GaSbh interface.

6.3 Abruptness of the InAs/GaSb Heteroin-

terface

6.3.1 Motivation

The technological and scientific importance of arsenide/antimonide heterointer-
faces has already been well motivated in Chapter 1 and in Sections 6.2.1 and 5.1.
Specific studies of the interface abruptness in the InAs/GaSb material system are
motivated primarily by InAs/In,Ga;_,Sb IR SL detector applications, and as a
fundamental study of mixed anion interface formation. Despite the advantages of
the InAs/In,Ga;_,Sb IR SL design, detectors competitive with Hg,Cd;_,Te tech-
nologies have yet to be fabricated [25]. This poor performance has been attributed

to the shorter extrinsic lifetime in InAs/In,Ga; _4Sb IR SL devices, due to the
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presence of Shockley-Read-Hall (SRH) centers [26]. One possible mechanism for
this is that the generation of SRH centers is related to interdiffusion of the group
V sublattice at the mixed-anion As/Sb interface, which could result in antisite
defects, leading to SRH centers.

Since the length scales for interdiffusion are potentially quite short, it was nec-
essary to draw on a number of different characterization techniques in order to
properly assess the existence of interdiffusion at the InAs/GaSb interface. The
techniques used were XPS, RHEED, cross-sectional STM and SIMS, each of which
provided a unique piece of information about the InAs/GaSb interface: XPS pro-
vided in situ, near surface chemical analysis; RHEED provided real-time, in situ,
near surface structural characterization; cross-sectional STM provided very high
resolution imaging, electronic structure information, and interface roughness anal-
ysis for a SL structure; and SIMS provided chemical analysis with excellent sensi-

tivity.

6.3.2 Experiment

Details of the growth and transfer of the samples used in this experiment are given
in Sections 5.2.1 and 6.2.2. In addition, brief descriptions of the XPS experimental
setup have already been presented in Chapters 1, 3, 5 and earlier in this chapter.
In the remainder of this chapter, XPS is used primarily to study core level peak
intensity ratios as opposed to the core level energy separations. A number of InAs-
on-GaSb and GaSb-on-InAs samples were studied, each grown with both InSbh-like
and GaAs-like interfaces. For each of these samples, the ratio of the As 3d to In 4d
peak intensities were measured and normalized to the same ratio obtained from an
As terminated (2 x 4 reconstruction) InAs standard. Similarly, the Ga 3d to Sb 4d
peak intensity ratios were normalized to an Sb terminated (1 x 3 reconstruction)
GaSb standard. From the variation in these peak intensity ratios, we are able

to infer relative interface abruptness and to study anion cross-incorporation. The
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Figure 6.3: Schematic Diagram of Cross-sectional STM setup used to study
InAs/GaSb SLs.

spectrum stripping and peak fitting procedures for the XPS samples are the same
as those presented in Section 6.2.2.

Brief descriptions of the RHEED experimental setup have already been pre-
sented in Chapters 1 and 5. In this chapter RHEED is used to study interface
asymmetry through analysis of the RHEED reconstruction patterns and specu-
lar streak intensity oscillations. Figure 1.11 shows a schematic diagram of the
experimental setup used to extract the RHEED data.

Figure 6.3 shows a schematic diagram of the cross-sectional STM setup used
in our studies. Briefly, the cross-sectional STM procedure consisted of cleaving a
sample in situ at a pressure of ~4 x 107! Torr. STM imaging and spectroscopy
can then be performed on the cleaved surface without exposure to atmospheric
contaminants. Some of the advantages of this characterization technique are high
resolution imaging, contamination free surface, and the ability to perform cross-
sectional imaging which is not possible with standard STM.

The STM images shown in this chapter were acquired with a constant current

of 0.1 nA. Carefully prepared and characterized single crystal tungsten probe tips
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Figure 6.4: Schematic Diagram of the SIMS setup used to profile InAs-on-GaSb

interfaces.

were used in the STM data acquisition. A detailed description of the STM experi-
mental technique can be found in Ref. [22]. It should be emphasized that the STM
studies were performed by another researcher, but are included in this chapter for
completeness and clarity [1].

Figure 6.4 shows a schematic diagram of a standard SIMS experimental setup.
Briefly, SIMS analysis consists of sputtering a sample over a region of a few 100 um
on a side. Secondary ions are then detected over a much smaller region (< 100 um
diameter) in the center of the sputtered crater. Before reaching the detector, the
secondary ions pass through first an energy filter and then a mass spectrometer.

Some of the advantages of SIMS are excellent sensitivity down to parts per
million or even parts per billion, profiling capability and good chemical speci-
ficity. Disadvantages include the destructive nature of the measurement and rela-

tively poor depth resolution (a few nm at best). The SIMS analysis presented in
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this chapter were performed by researchers at Charles Evans and Associates on a
CAMECA IMS-4f machine using 3.0 keV OF bombardment. Cs ion bombardment

was also attempted, but resulted in poorer depth resolution.

6.3.3 Observation of Interfacial Asymmetry

In this section, we report on observations of interfacial asymmetry in InAs/GaSb
heterointerfaces using XPS, RHEED, and cross-sectional STM. The asymme-
try was observed in the form of an increased broadening, or roughness, of the
InAs/GaSb interface for the InAs-on-GaSb growth direction compared to the

GaSb-on-InAs growth direction.

XPS Results

Tables 6.3 (a) and (b) show summaries of XPS results which demonstrate this
asymmetry. In these tables we tabulate the Sb 4d to Ga 3d and As 3dto In 4d peak
intensity ratios after normalization to bulk GaSb and InAs standards. The peak
intensity ratios are tabulated for both (a) GaSb-on-InAs and (b) InAs-on-GaSb
growth directions, and for both InSb-like and GaAs-like interface compositions.
FEach tabulated entry specifies the range of peak intensity ratios compiled from a
number of samples and XPS spectra.

The purpose of this method of tabulation is to infer information about relative
interface abruptness by simultaneously displaying the results from a number of
different samples. Due to uncertainties in photoelectron MFPs [27, 28, 29], it
is impossible to unambiguously evaluate interface abruptness on a single sample
using a simple attenuation model for the XPS signal. Essentially, the difficulty is
that a single XPS spectrum can be accurately modeled with a number of different
interface configurations depending on the photoelectron MFPs used in the fitting.
By displaying variations in peak intensity ratios over a number of samples, as

shown in Tables 6.3 (a) and (b), it is possible to infer relative interface abruptness.
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Minimum and Maximum
Peak Intensity Ratios
(o) (Normalized)

Sb4d/Ga3d | As3d/ Indd

InSb-like 1.26-1.31 0.63-0.74
GaAs-like 1.20-1.25 0.74-0.86
More Range 1.20-1.31 | 0.63-0.86
Abrupt

Minimum and Maximum
(b) Peak Intensity Ratios
(Normalized)

Sb4d/Ga3d | As3d/ In4d

InSb-like 1.06-1.24 0.81-0.96
GaAs-like 0.55-0.80 1.28-1.37
Extended

Table 6.3: XPS peak intensity ratios, for both growth orders and both interface
compositions. Each entry shows the range (minimum-maximum) of values for a
given interface composition and growth order. The total range for each growth

order is also given.
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Specifically, if we examine the bottom row in each table, we see that the range
of values for a given peak intensity ratio (e.g., Sb 4d to Ga 3d) is much larger for the
InAs-on-GaSb growth direction compared to the GaSb-on-InAs growth direction.
In fact, for the InAs-on-GaSb growth direction, the range in the values is much
greater than the experimental uncertainty for a given peak intensity ratio, and is
inconsistent with the range of values expected for a simple change in the interface
composition [23]. That is, even allowing for variation in the photoelectron MFPs,
the data in Table 6.3 (b) cannot be modeled as an abrupt interface due to the large
range in the values for a given peak intensity ratio. This is true even though any
one of the XPS spectra used to compile the data in this table could be modeled
with an abrupt interface.

For the GaSb-on-InAs growth direction, the range in values is consistent with
an abrupt interface, but could also be modeled with a non-abrupt interface, so it
is not possible to conclude with certainty whether or not this interface is abrupt.
However, since the range in the peak intensity ratios is much smaller than for
the InAs-on-GaSb growth direction, it can be concluded that the GaSb-on-InAs
growth direction is the more abrupt of the two growth directions.

Individual peak intensity ratios shown in Table 6.2 are studied in more detail
in Section 6.3.4, in order to extract the mechanisms underlying the asymmetry in

the abruptness of the InAs/GaSb interface.

RHEED Results

Another characterization technique that was used to observe the asymmetry
in the InAs/GaSb interface was RHEED. Both the RHEED reconstruction pat-
terns and the RHEED intensity oscillations showed abnormal behavior for the
InAs-on-GaSb growth direction. Figure 6.5(a) shows a schematic diagram of the
progression of the RHEED reconstruction pattern during the growth of an InAs-
on-GaSb heterojunction. During the GaSb growth the RHEED pattern showed

a 1 x 3 reconstruction pattern which switched to a 1 X 5 reconstruction pattern
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Figure 6.5: RHEED studies of interface asymmetry. Unusual 1 x 3, 2 x 3 re-
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during the Sb interrupt at the interface. This is typical behavior for a Sb termi-
nated GaSb layer. At the onset of the InAs growth, however, unusual behavior
is observed in the reconstruction pattern. Instead of the usual 1 X 1 reconstruc-
tion pattern observed for InAs at the growth temperatures and fluxes used, we
observed a 1 X 3 or faint 2 x 3 reconstruction for the first few monolayers of InAs
growth. This type of unusual behavior in the RHEED reconstruction pattern was
not observed for the GaSb-on-InAs growth direction.

One possible cause for the 1 x 3, 2 X 3 reconstruction pattern is Sb incorpo-
ration into InAs from the underlying GaSb. This explanation is consistent with
RHEED studies of InAs,Sb;_, layers which also show a 1 X 3 reconstruction pat-
tern, and also offers an mechanism for the transition from the 1 x 3 to the 1 x 1
reconstruction in the form of decreasing Sb concentration in the InAs layer after
the first few monolayers of growth. Another explanation for the 1 x 3, 2 x 3
reconstruction pattern is that GaAs forms at the interface causing the subsequent
InAs layer to have a 3-D growth mode. This is consistent with the reconstruc-
tion patterns observed for the growth of InAs-on-GaAs. The transition from the
1 x 3 to the 1 x 1 reconstruction is then explained by the coalescing of the InAs
islands. Because of the qualitative and structural nature of the information ob-
tained from RHEED reconstruction patterns, it is not possible to determine with
certainty which of the two explanations offered above is valid. In Section 6.3.4,
more quantitative chemical characterization of the interface formation is presented.

Figure 6.5(b) shows the RHEED specular spot (or streak) intensity oscillations
for (top) InAs grown on InAs and (bottom) InAs grown on GaSb. Multiple profiles
are plotted for both cases to demonstrate the reproducibility of the measurement.
In both plots, the top InAs growth is initiated at roughly t = 10 seconds, after a
growth interrupt. For the InAs grown on InAs we observe the standard RHEED
intensity oscillations indicative of smooth 2-D growth. For the InAs grown on
GaSb, however, we observe very unusual behavior during the first few monolayers

of growth. This type of behavior is not observed during the growth of GaSh-on-
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InAs interfaces. Another study which also reported this type of behavior in the
RHEED intensity profile proposed Sb incorporation into the InAs as a possible
cause, but no quantitative justification was given [30]. Although the RHEED data
presented above cannot, by itself, be used to determine the exact mechanisms of
the InAs/GaSb interface formation, it does provide clear evidence for the asym-

metry between the InAs-on-GaSb and the GaSb-on-InAs growth directions.

Cross-sectional STM Results

Figure 6.6 shows two representative cross-sectional STM images of InAs/GaSb
SLs: one grown with (a) InSb-like interfaces and the other with (b) GaAs-like
interfaces. Both images were acquired using a sample voltage of -1.3 V with the
InAs layers shown in dark and the GaSb layers in bright. The growth directions
and scales are indicated on the images.

The main feature to be observed from these images is the asymmetry in interface
roughness for the two growth directions. For both interface types, the InAs-on-
GaSb growth direction is observed to have an increased interface roughness when
compared to the GaSb-on-InAs growth direction, although this is difficult to dis-
cern visually for the sample grown with InSb-like interfaces. Detailed analyses of
the interface roughness by taking the Fourier transform of the horizontal derivative
of the images shown in Figure 6.6 can be found in Refs. [22, 31].

The interfacial asymmetry can also be observed in cross-sectional STM spec-
troscopy studies. In these studies, STM spectra were acquired every 1.06 A along
the growth direction over a distance greater than one SL period. Subsequent analy-
sis of the spatially resolved spectroscopy results showed that for the InAs-on-GaSb
growth direction, the interface spectra are smeared out over a range of ~ 6 A.
These results have been reproduced over a number of data sets using different
samples and probe tips. Thus, the cross-sectional STM imaging and spectroscopy
results both show direct evidence of the asymmetry in the InAs/GaSb interface.

However, since STM doesn’t have direct chemical sensitivity, it was not possible
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Figure 6.6: Cross-sectional STM images of the InAs/GaSb SLs grown with (a)
InSb-like interfaces and (b) GaAs-like interfaces.
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to determine the exact mechanism for the asymmetry.

6.3.4 Underlying Causes of Interfacial Asymmetry

In order to determine the underlying causes for the observed asymmetry in the
InAs/GaSb interface, chemically sensitive characterization techniques were re-
quired. Two techniques were used in this study: XPS and SIMS. As mentioned
previously, XPS has the advantages of being a near surface, in situ characteri-
zation technique, while SIMS offers high chemical sensitivity and depth profiling
capabilities.

Two possible mechanisms for non-abruptness of the InAs-on-GaSb interface
were proposed but not proved in the previous section: GaAs growth during the
interface formation and Sb cross-incorporation into the InAs from the underlying
GaSb. The first of the possibilities has already been demonstrated. The exchange
reaction studies in Chapter 5 showed conclusively that an Sb to As exchange can
occur during the formation of an InAs-on-GaSb interface, resulting in an extended
GaAs-like interface. Also, referring to the GaAs-like interface entries in Table 6.3
(b) we see that the Sb 4d to Ga 3d and As 3d to In 4d peak intensity ratios are
much smaller and larger than the respective values for GaSb and InAs standards.
While by itself this data is not conclusive, comparing it with the data for the other
interface types and growth directions leads to the conclusion that at least some of
the GaAs-like interfaces for the InAs-on-GaSb growth direction are extended into
the underlying GaSh.

Confirmation of cross-incorporation of Sb from underlying GaSb layers into
InAs overlayers was much more difficult. While incorporation of Sb from back-
ground Sb in the chamber has been observed, cross-incorporation of Sb from un-
derlying layers has never been confirmed. In situ XPS and ion sputtering results
are shown in Figure 6.7. The top profile in this figure shows an XPS spectrum for

an InAs-on-GaSb heterojunction grown with a nominal InSb-like interface and a ~
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20 A InAs overlayer. After acquisition of the top spectrum, the sample was lightly
sputtered using 2.5 keV Ar* ions at an incident angle of 61 degrees to the surface
normal, and another XPS spectrum was acquired. This procedure was repeated
until a clear decrease in the In and As core level peak intensities was observed.
The duration of each sputter, except for the final one, was 12 seconds. The bottom
profile was acquired after almost all of the InAs overlayer had been removed. The
system did not have a Faraday cup installed so the ion beam current is unknown.

The effect of the ion sputtering is clearly seen in the decrease in the As 3d
and In 4d peak intensities. Detailed analysis of the peak intensity ratios show two
important features. First, the Sb 4d to Ga 3d peak intensity ratio decreases after
the first sputter. This is very significant in that, based on the photoelectron MFPs
for the two peaks, this ratio should increase as the InAs layer is thinned. The most
likely explanation for the observed decrease in the Sb to Ga peak intensity ratio,
given the well known surfactant properties of Sb, is that Sb is riding up on the
InAs growth surface.

To verify that Sb can ride up on the InAs growth surface, a second sample
consisting of 0.25 pm of InAs grown on AlSb was studied. The results of this
study are shown in Figure 6.8. This figure shows the XPS core level peaks for Sb
3d just after growth. To ensure that the Sb signal was not due to incorporation
from background Sb within the growth chamber, the sample was ion sputtered
to a depth of a few tens of angstroms. The absence of an XPS Sb signal after
the sputtering indicates that the Sb signal was originating from the surface of the
sample and was due to Sb riding up on the InAs growth front.

The other important feature in Figure 6.7 is that the Sb 4d to Ga 3d peak
intensity ratio continues to decrease even after the first few sputter /XPS sequences.
This suggests the possible existence of Sb incorporation within the InAs near the
interface. Unfortunately, it is not possible to determine with certainty whether or
not this is true from the XPS/sputter results. This is due to the fact that sputter

induced drive-in of Sb, that was originally residing on the surface of the sample
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prior to the first sputter sequence, could result in an anomalous Sb signal from
within the unsputtered InAs. This would have the same effect on the sputtering
results as Sb cross-incorporation.

Since one of the main purposes of this study was to determine the mechanisms
for non-abruptness of the InAs-on-GaSb interface, it was very important to deter-
mine with certainty whether or not Sb incorporates within the InAs layer. The
difficulty in determining this using XPS is that any Sb signal within the InAs layer
must be distinguished from the very strong Sb signal originating from the GaSb
layer and the signal originating from the Sb at the surface of the InAs. The latter
signal is also relatively strong, since it originates from the surface of the sample
and is therefore not attenuated. Angle resolved XPS studies and analysis of higher
binding energy peaks was performed; however, it was not possible to determine
whether or not Sb was cross-incorporating into the InAs.

The characterization technique that eventually succeeded in determining with
certainty that Sb was incorporating into the InAs was SIMS. The first attempt at
this was basically to SIMS depth profile a sample consisting of a series of InAs-on-
GaSb heterointerfaces. The hope was that, by overlaying the Sb and Ga profiles
from the SIMS data, any cross-incorporated Sb would show itself in the form of
a broader onset for the Sb signal compared to the Ga signal. That is, if cross-
incorporation was occurring, then as the depth profiling proceeded through the
InAs to the GaSb, the Sb signal would increase before the Ga signal. Unfortu-
nately, the depth resolution of the SIMS was not fine enough to conclude either
the existence or non-existence of cross-incorporation. It was estimated that an ideal
abrupt GaSb interface would have an onset slope of 25 A/ decade due to sputter
roughening and drive-in effects. Since the concentration of any Sb incorporation
would be small and would decrease rapidly away from the InAs/GaSb interface, it
would not be distinguishable from the inherent broadening of the signal.

The results from a second SIMS profile experiment are shown in Figure 6.9. In

this experiment, the SIMS sample consisted of only two InAs on GaSb interfaces:
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one grown at the usual growth temperature (~ 380 °C), and one grown at a higher
growth temperature (~475°C), where cross-incorporation is expected to be less of
an effect. At the higher growth temperatures, background As incorporates more
readily into the GaSb, which is an undesirable effect for devices, but this does not
affect the SIMS analysis. The hope was that by a comparison of the Sb profiles for
the two growth temperatures, existence or non-existence of cross-incorporated Sb
could be confirmed. The order in which the two interfaces were grown was critical
in this experiment. Since the bottom interface suffers additional broadening due
to sputtering effects, it was necessary to have the low temperature grown interface
closer to the sample surface, so that any broadening in that interface compared to
the high temperature grown interface could not be attributed to artifacts of the
ion sputtering.

In Figure 6.9(a) we see that the low temperature grown interface does have a
broader onset profile in the region of ~580-640 A, despite being closer to the sam-
ple surface. Notice that we are interested in the shape of the onset profile, not in
the absolute concentrations at the left-hand side of each plot. This effect in the Sb
profiles was duplicated in two separate SIMS data acquisitions. To verify that this
effect was indeed due to Sb cross-incorporation and not a result of anomalously
high sputter induced roughness in the low temperature grown interface, the Ga
profiles were also analyzed. In Figure 6.9(b) we see that the high temperature in-
terface has a broader onset profile than the low temperature grown interface. This
is consistent with increased sputter induced roughness as the SIMS profiling pro-
ceeds, and verifies that the effect seen in Figure 6.9(a) is due to cross-incorporation

of Sb into the InAs from the underlying GaSb.

6.4 Summary

In conclusion, we have measured the variation in the InAs/GaSb valence band offset

as a function of both interface composition (InSb-like and GaAs-like) and growth
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order (InAs-on-GaSb and GaSb-on-InAs). The InAs/GaSb valence band offset
was observed to be independent of interface composition for both growth orders;
however, upon comparison between the two growth orders, a 90 meV difference in
the InAs/GaSb valence band offset was observed, with the InAs-on-GaSb interface
showing the larger valence band offset. The difference in valence band offset is
attributed to the extended nature of the InAs-on-GaSb interface. To test this, a
GaSb-on-InAs sample was grow with an intentionally extended InSb-like interface.
This resulted in a valence band offset between that obtained for the nominally
abrupt GaSb-on-InAs samples and the extended InAs-on-GaSb samples. This
confirmed our hypothesis that the change in the valence band offset was due to
the non-abrupt nature of the InAs-on-GaSb interface.

Initial studies of interface abruptness for the InAs/GaSb heterointerface re-
vealed an asymmetry in the abruptness for the two growth orders: InAs-on-GaSb
and GaSb-on-InAs. XPS, RHEED and cross-sectional STM results showed that
the InAs-on-GaSb interface was more extended than the GaSb-on-InAs interface.

This is shown schematically in Figure 6.10. XPS analysis of core level peak in-
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tensity ratios in heterojunction samples and studies of surface exchange reactions
showed that one mode of broadening was As exchanging into the GaSb, forming
an extended GaAs-like interface. The driving force for this is the large GaAs bond
strength compared to that of GaSb. XPS analysis was also used to show that Sb
can ride up on the InAs growth front, but cross-incorporation of Sb into the InAs
from the underlying GaSb could not be confirmed with certainty. SIMS analysis
was used to clearly determine that Sb cross-incorporation was occurring. The rel-
ative abruptness of the GaSb-on-InAs interface can be explained first by the fact
that As is much less of a surfactant than Sb, so As cross-incorporation into GaSb
from the underlying InAs is less likely, and secondly by the fact that the InSb
bond strength is much less than that of InAs. Thus, as was shown in the surface
exchange reactions in Chapter 5, Sb does not exchange for As into the underlying
InAs.

These basic forces causing the InAs-on-GaSh interface to be extended can po-
tentially cause problems in devices implementing As/Sb interfaces. However, in
some of these devices, abruptness of the interfaces may not be crucial. In those
devices where interfaces comprise a large fraction of the device and are critical to
device performance (e.g., InAs/In,Ga;_,Sb IR SLs), it will be very important to
determine first of all what effect the broadening of the InAs-on-GaSb interface has
on device performance. Secondly, if the extended interface is detrimental to device
performance, it must be determined whether or not the extended InAs-on-GaSb
interface is fundamental or if different growth conditions and procedures can be

used to grow an abrupt InAs-on-GaSb interface.
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