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Abstract

This thesis concerns the investigation of novel devices and material characterization
techniques in the III-V semiconductor system. In the first part of the thesis, we
demonstrate that novel devices, such as avalanche photodiodes and tunnel switch
diodes, can be fabricated from InAs/GaSb/AlSb heterostructures by molecular beam
epitaxy (MBE). In the second part of the thesis, ballistic electron emission microscopy
(BEEM) is employed to examine the local band offset in these heterostructures, which
is often found to be crucial in device design.

In the avalanche photodiode study, devices with near infrared response out to
1.74 pm were demonstrated. Two types of devices were investigated: those with a
bulk AlgosGaggeSb multiplication region and those with a GaSb/AlISb superlattice
multiplication region. Both types of devices were implemented in a MBE grown
p~nT structure that uses a selectively doped InAs/AlSb superlattice as the n-type
layer. This particular structure was optimized through several design, fabrication,
characterization cycles. It was found that the photodiode dark current depended
critically on the InAs/AlISb superlattice period and the resulting band offset at the
p n™ heterojunction. The InAs/AlSb superlattice was henceforth optimized by using
a three stage design. The ionization rates in bulk multiplication layer devices were
measured and found to be consistent with hole impact ionization enhancement in
Al osGagosSb. However, direct comparison with superlattice multiplication layer
devices revealed the latter to be more promising due to more effective dark current
suppression from the larger band gap of the superlattice multiplication layer.

The second device studied is the tunnel switch diode. We have fabricated the first
such device in the antimonide material system and obtained characteristic “S” shaped
I-V curves from these devices. The epilayer and barrier dependence of tunnel diode
switching were studied and found to deviate significantly from the punch-through

model of operation. In addition, the device I-V curve was observed to “hop” between



X
two branches when subjected to high levels of stress. We speculate that this was due
to instability associated with mobile charges in the AISb tunnel barrier. A computer
model was used to simulate the device behavior and generated results consistent with
the observed dependence of switching on tunnel barrier thickness.

In the second part of the thesis, III-V heterostructures were characterized by
using ballistic electron emission microscopy (BEEM). BEEM images were shown to
reveal sub surface features in Al,Ga;_,As epilayers, whereas BEEM spectroscopy
was used to map out the shift in I', X, and L band edges with material composition
in Al,Ga;_,As. BEEM spectroscopy was also applied to device relevant antimonide
heterostructures such as AISb barriers and InAs/AlSb superlattices. It was found that
electron transport in AlSb was dictated by the conduction band minium near the X
point, and there is large local variation in the AISb Schottky barrier height. These
results were in good correlation with the observed barrier characteristics of AlSb.
Due to the small bandgap of InAs/AlSb superlattice and the associated high level
of noise current, only the shortest period superlattice was examined by BEEM. The
resulting band offset agreed with the calculated value and demonstrated that BEEM

spectroscopy can be applied to structures with a large number of hetero-interfaces.
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Chapter 1 Introduction

1.1 Thesis Overview

This thesis concerns the investigation of novel devices and material characterization
techniques in the III-V semiconductor system. The bulk of the work is carried out
in the lattice matched InAs/GaSb/AlSb system, where new device possibilities arise
from the unique broken gap band alignment of InAs/GaSb and the small bandgaps
of these materials. In the first part of the thesis, we demonstrate that novel devices,
such as avalanche photodiodes and tunnel switch diodes, can be fabricated from
InAs/GaSb/AlSb heterostructures by molecular beam epitaxy (MBE). In the second
part of the thesis, ballistic electron emission microscopy (BEEM) is employed to
examine the local band offset in these heterostructures, which is often found to be a
crucial factor in device design.

The antimonide avalanche photodiode forms a major part of the device study.
This is an interesting device due to its near infrared responsivity, ionization ratio
enhancement possibilities and integration potential. The design, growth, fabrication,
and characterization procedures are covered in detail in Chapters 2, 3, and 4, which
also serve to illustrate the background work common to subsequent heterostructure
studies. Two types of avalanche photodiodes will be described: those with a bulk
Al 04GaggeSb multiplication region and those with a GaSb/AlSb superlattice mul-
tiplication region. Both types of devices were implemented in a MBE grown p~n*
structure that used a selectively doped InAs/AlSb superlattice as the n-type layer.
This particular structure was refined through several design, fabrication, character-
ization cycles. It was found that the photodiode dark current depended critically
on the InAs/AlSb superlattice period and the resulting band offset at the p™n* het-
erojunction. The InAs/AlISb superlattice was henceforth optimized by using a three

stage design.
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The ionization rates in bulk Al g4GaggeSb multiplication layer devices were mea-
sured by using a two wavelength photo response scheme. The results were consistent
with hole impact ionization enhancement in Algg4GaggsSb. However, the ionization
enhancement advantage was largely compromised by the high level of dark current
found in the bulk device. In comparison, the superlattice multiplication devices was
deemed more promising because the dark current was more effectively suppressed by
barriers in the superlattice multiplication region while impact ionization may still be
enhanced by separate band offset adjustment.

The tunnel switch diode is the second antimonide device studied. Compared to
the avalanche photodiode, this is a much simpler device from a fabrication stand-
point. Yet it’s no less interesting due to its unique “S” shaped current-voltage (I-V)
characteristics. In Chapter 5, we demonstrate first time measurement of such I-V
behavior from an antimonide heterostructure. The epilayer and barrier dependence
of tunnel diode switching were studied and found to deviate significantly from the
punch-through model of operation. In addition, the devices exhibited “hopping”
between two current voltage branches when subjected to high levels of stress. We
speculate that this is due to instability associated with mobile charges in the AlSb
tunnel barrier. A computer model was used to simulate the device behavior and
generated results consistent with experimental findings about the barrier thickness
dependence of switching.

The rest of the thesis (Chapters 6, 7 and 8) concerns the characterization of I1I-V
heterostructures by BEEM, which is a scanning tunneling microscopy (STM) based
technique capable of imaging the buried surface and yielding local band structure
information. The Al,Ga;_,As system was studied first as a testing ground for the
technique (Chapter 7). BEEM imaging was shown to reveal sub surface features in
Al,Gay_,As samples, while BEEM spectroscopy was used to study the local variation
of I', X, and L band edges in Al,Ga;_,As. The shift in these band edges with material
composition was also mapped out by using BEEM spectroscopy.

Following the Al,Ga;_,As study, BEEM was applied to device relevant antimonide
heterostructures such as AISb barriers and InAs/AlSb superlattices (Chapter 8). The
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Al on AlSb Schottky barrier height was measured and found to be dictated by the
conduction band minimum near the X point. The barrier height exhibited a large
local variation, in correlation with the observed barrier characteristics of AISb. Due
to the smaller bandgap of InAs/AlSb superlattices and the associated high level of
noise current, only the shortest period superlattice was examined by BEEM. The
resulting band offset agreed with the calculated value and demonstrated that BEEM

spectroscopy can be applied to structures with a large number of hetero-interfaces.

1.2 Motivation

1.2.1 InAs/GaSb/AlSb system

The motivation for this thesis study grew out of the versatility of II1I-V semiconductor
heterojunction systems. Compared to the Si system, which has been extensively
developed and enjoys a much more mature technology base, the III-V system derives
its advantages from the compound nature of its constituent material. The unique
properties of these materials, i.e., direct bandgap, high carrier mobility, can be tailored
to specific applications through bandgap engineering techniques.

To date, most of the III-V research efforts have focused on the lattice matched
Al,Ga;_;As system, which has yielded commercial injection lasers [1] and high speed
transistors [2]. As part of this thesis study, the band structure of the Al,Ga;_,As sys-
tem was characterized on a local scale by using ballistic electron emission microscopy
(BEEM). The major part of the thesis, however, is devoted to the less well known
system of InAs, GaSb and AlSb, which share a common lattice constant at around
6.1 A.

The versatility of this system can be seen by examining Fig. 1.1(a), which shows
the band alignment of various component materials. The most striking feature in
this diagram is the presence of broken gap type II band alignment in addition to the
type I band alignment found in the Al,Ga;_,As system. The unique heterojunction

band offset between InAs and GaSb has resulted in a resonant inter band tunneling
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Figure 1.1: InAs/GaSb/AlSb lattice matched system. (a) Band alignment. (b) Neg-
ative Schottky barrier between InAs and metal.
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(RIT) diode with oscillations up to 712 GHz [3]. In addition to the wide variety of
band offsets available, these materials have a number of advantages: InAs has the
unusual property of forming a negative Schottky barrier when brought in contact with
most metals (Fig. 1.1(b)) [4]. Hence it makes an ideal contacting material. It also
has a small effective mass (0.025Mejectron) [5], which implies that a stronger quantum
confinement effect can be achieved in RIT type applications. Moreover, AISb has a
large bandgap (2.2 eV at the I' point and 1.6 eV at the conduction minimum near
the X point [5]) and can be used as a barrier in many device structures.

Besides the aforementioned quantum effect devices, the single biggest application
for the antimonide material system is in the area of infrared sources and detectors.
This is in large part due to the small bandgaps of InAs, GaSb, their alloys and super-
lattices. The most significant developments in this area include InAs/GaSb quantum
cascade lasers, which achieve high quantum efficiency because non-radiative recom-
bination due to phonon scattering is suppressed from the type II band alignment [6].
There are also reports of injection lasers [7] in the mid infrared wavelength range and
far infrared detectors based on InAs/InGaSb superlattices [8].

While the antimonide material system have distinct advantages in many of these
applications, it is also plagued by the immaturity of the technology and a relative lack
of understanding on certain materials issues. For example, carrier transport in AlSb
is not well understood. While AlSb is an adequate barrier in RIT type structures, it
is too leaky as the gate insulator in a three terminal transistor configuration [9]. The

challenges in antimonide research thus lie in two directions:

1. Study of new devices that exploit the unique band offset and intrinsic material

property of the system.

2. Characterization of the basic material properties in a setting relevant to ad-

vancement of device research.

The thesis study therefore is a reflection of attempts to address both of these issues.

The main body of the thesis is accordingly split into two part. The first part of the
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thesis describes the design, fabrication, and characterization of two new devices in the
antimonide system: an avalanche photodiode with response in the near infrared for
night vision, and a tunnel switch diode based on AlSb barriers and GaSb pn junctions.
Both devices rely on molecular beam epitaxy (MBE) as the fabrication method and
employ heterostructures for advantages. It will be seen that basic material issues such
as heterojunction band offset and transport mechanism through barriers are keys to
the operation of these devices. These issues are examined in great detail in the second
part of the thesis, where ballistic electron emission microscopy is employed to study

local transport in device-like heterostructures.

1.2.2 Antimonide Avalanche Photodiode

There is much interest in making a near infrared avalanche photodiode in the anti-
monide system. This is in part due to the narrow bandgap of GaSb, which at 0.72
eV corresponds to a long wavelength cut off of 1.7 um. By incorporating indium in
the GaSbh light absorption region, the sensitivity range of the antimonide photodiode
can be easily extended to beyond 2.0 pm. Aside from obvious communication appli-
cations at the 1.55 pm wavelength, such extended response in the near infrared fills
the special niche of night vision.

This can be seen by examining the night spectrum. In a simplified view, there are
three natural contributions to the night glow aside from the highly variable human
light source: lunar light, star light, and air glow due to transitions of atmospheric
ions [10]. The lunar light spectrum is shown in Fig. 1.2. Since it is in fact reflected
sunlight, the spectrum resembles that of a 3000 K black body. The star light can also
be thought of as agglomerated black body spectrums with temperatures that range
from 2000 K to 23000 K. Due to absorption of the atmosphere, the available radiation
can be divided roughly into several bands [10]. The absolute intensity of these bands
and the relative contributions from the different sources are highly variable depending
on the seasonal and weather ambient. An estimate of the average numbers is shown

in Table 1.1.
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Figure 1.2: Spectrum of lunar light.

[t can be seen that there are two bands centered around the wavelength of 1.6 um
and 2.1 ym, which would be captured by an antimonide near infrared photodiode [10].
Further examination of Table 1.1 reveals that the signal in these bands are rather faint.
For a detection pixel with a size of 30 um by 30 pm, an integration time of 30 us, and
a F number of 1, the incident optical power on the pixel front end is on the order of
1072 W. The miniscule amount of power necessitates use of photodetectors of high
sensitivity, such as a photo multiplier or its solid state equivalent - the avalanche
photodiode.

The antimonide is a good candidate for such a device due to a number of system
and materials advantages. Compared to conventional InP based avalanche devices,
which fall in the same wavelength range and have been extensively developed for
telecommunication applications, the antimonide avalanche photodiode has a distinct
advantage in terms of integration potential: by building the antimonide avalanche
photodiode on the same chip as an InAs/InGaSb far infrared photodetector [8], it
will be possible to create a compact, robust system with multi-color response ideally
suited for military type night vision applications.

On the materials level, GaSb has been shown to have larger ionization coefficients



Table 1.1: Intensity of lunar light, star light, and night air glow in the different
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bands [10].
Band A Peak AX Moon Star Night
Airglow
[pm] [Photons/cm?-sec]

1 0.58 0.49 5.83x 101! 1.21x10° 4.12x107
2 1.00 0.16 1.83x 10 1.24x10%

3 1.24 0.21 2.09x 10" 1.15%x 108

4 1.59 0.29 1.99x 10! 8.67x107 4.48x10%
5 2.10 0.43 1.37x 10" 6.02x107 2.24x 1010

than InP [11], which will allow the device to have a thinner multiplication region for
faster response. More importantly, there has been some experimental evidence and
theoretical conjecture that hole ionization in AlGaSb is enhanced when the spin-orbit
split-off band difference A equals the energy bandgap E, [12]. This is complemented
by the possibility that electron ionization may be enhanced in GaSh/AlGaSbh super-
lattices due to band offset differences [13]. As will be discussed in detail in Chapter
2, the enhanced ionization rate is the single most important property for avalanche
operation. It leads to better gain-bandwidth product, smaller excess noise factors,
and reduction of microplasmas which are detrimental to the stability of the avalanche
action [14].

To date, there have been a number of studies on antimonide avalanche pho-
todiodes, all of which have relied on liquid phase epitaxy (LPE) as the crystal
growth method and focused on hole impact ionization enhancement in bulk Al-
GaSb [12, 16, 15]. The results of these studies indicate a lack of consensus about
the resonant hole ionization effect. Hence there is much incentive for a new study
with molecular beam epitaxy (MBE) as the device fabrication method. The flexibil-
ity of the MBE technique will allow exploration of antimonide avalanche photodiodes
with both bulk and superlattice gain mediums. This should further clarify the ioniza-

tion enhancement issue and maximize the potential of the device through comparison



of the bulk and superlattice approaches.

1.2.3 Antimonide Tunnel Switch Diode

The motivation for the antimonide tunnel switch diode grew out of the need for a two
terminal device that has an “S” shaped I-V curve. The usefulness of antimonide elec-
tronics depend on high speed operation and possible reduction of circuit complexity
from non-linear elements. Since there already exists an antimonide RIT diode with
“N” shaped I-V characteristics [17], a new “S” shaped I-V device would complement

the RIT device as its circuit dual and enable a wider variety of circuit applications.

Quiescent Sensing
R 10! -“‘"x ST
Vo %, High Current
— 10 1 State
1 <
® g
N2 TSD B o6
Vin (O 3 :
107 ' Low Current State !
= 10 L :
0 1 2 3 4 5
Voltage (V)
(@) (b)

Figure 1.3: Transistorless static random access memory from a tunnel switch diode.
(a) Circuit schematic. (b) Load line analysis.

Of particular interest is a transistorless static random access memory (SRAM)
element that can be fabricated from the tunnel switch diode alone [18]. Fig. 1.3
shows the basic implementation of this scheme. The memory effect derives from the
existence of a high and a low current branch in the I-V characteristics. The logic
of the state is read out from the current disparity as the Load line shifts to high
voltages. Writing is accomplished by a large voltage swing that switches the TSD to
a particular state. Such a memory element would be very fast due to the tunneling
nature of the switching. Compared to conventional implementations which requires
six transistors per memory cell, the tunnel switch diode element is extremely compact

due to its simplicity.
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The antimonide tunnel switch diode can also act as the testing ground for tunnel
switch diode theory and provide an opportunity to study AlSb barriers in a device
setting. While the basic principle of tunnel switch diode is known, its actual operation
is highly dependent on the role of the tunnel barrier, which is not well understood.
This has been a long standing problem in the silicon implementation of the device [19].
By replacing the SiO; tunnel barrier with AISb, which has a different barrier height
and may have deep traps within its bandgap [20], it is hoped that more experimental
evidence will be collected to shed light on the role of the tunneling barrier in TSD

operation.

1.2.4 Ballistic Electron Emission Microscopy

From the device section of this thesis, it will be seen that basic heterojunction prop-
erties such as band offset and Schottky barrier height play prominent roles in device
design and often dictate whether or not the device is feasible. While these proper-
ties can be ascertained from conventional characterization techniques such as X-ray
photoelectron spectroscopy (XPS), photo electric, I-V, and C-V measurements, the
results are usually laterally averaged over the whole interface or at least over macro-
scopic dimensions of more than a few pm. In contrast, ballistic electron emission
microscopy (BEEM) provides local mapping of these properties with a theoretical
resolution limit as low as 10 A [21, 22].

The BEEM technique is illustrated in Fig. 1.4. The high resolution of BEEM
derives from its scanning tunneling microscopy (STM) origin. By placing a third
terminal at the back of the semiconductor sample to collect hot electrons that pass
through the buried interface, local electronic properties of the interface can be studied
as the STM tip moves to different parts of the surface.

Thus in the second part of this thesis, BEEM is used to investigate semiconductor
heterostructures similar to those employed in the device studies. The Al,Ga;_,As
system was examined first to clarify ambiguities with regard to its band structure,

especially at high Al concentrations. It also served as the testing ground for the
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Figure 1.4: Ballistic electron emission microscopy.

BEEM technique so that it can be readily applied to less conventional structures
such as the AISb Schottky barrier or the InAs/AlSb superlattice. The band offset
and Schottky barrier information derived from the antimonide study can be applied
to device applications, whereas the local variation of these properties are also directly

useful as a feed back to the crystal growth process.

1.3 MBE crystal Growth

The underlying link between the device and characterization studies in this thesis is
the molecular beam epitaxy (MBE) growth of III-V heterostructures. The flexibility
and control inherent to the MBE crystal growth technique is what makes all these
studies possible. Since MBE is a well known technique and the detailed growth
sequence for each particular structure will be covered in subsequent sections of the

thesis, only a few general principles will be outlined below as an introduction.
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1.3.1 MBE Environment

Figure 1.5 shows a schematic representation of a MBE machine. The substrate is
placed in a fully enclosed steel chamber and surrounded by a number of evaporation
crucibles known as Knudsen cells. During growth, the Knudsen cells are heated to
specific temperatures so that its elemental content evaporates off at a controlled rate.
These elements recombine at the heated, clean substrate surface and fall into the

existing crystal template.

Chamber
Wall

Substate Heater RHEED

wafer | | Gun

ReAl ]

Knudsen
Effusion Cells

Figure 1.5: Schematic of molecular bean epitaxy set-up.

The distinguishing feature of MBE growth is the stringent requirement it places

on the ambient pressure. The background pressure in a well maintained MBE cham-
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ber is typically below 107° Torr. At such a low pressure, it takes several hours for
a monolayer of impurities to accumulate on a clean substrate surface [23]. Since the
growth rate is on the order of one monolayer per second, MBE allows exquisite con-
trol of epilayer thickness. By shuttering the source cells on and off in the correct
sequence, atomically sharp interfaces can be achieved. The low background pressure
also implies that the mean free path of materials in the growth beam is much larger
than the separation between source cells and the substrate. As a result, liquid or
gaseous flow patterns do not complicate MBE growth as can be the case in chemical
vapor deposition or liquid phase epitaxy. Because of the UHV environment, a number
a diagnostic tools can be applied for in situ monitoring of the crystal growth process.
The most important and commonly available of these are reflection high energy elec-
tron diffraction (RHEED) and the residual gas analyzer. As shown in Fig. 1.5, a high
energy electron beam (10 keV) is directed at the substrate at a grazing angle in the
RHEED set-up. The resulting diffraction pattern provides information on the growth
rate, surface reconstruction and morphology of the substrate. This is complemented
by the residual gas analyzer which yields information about the chemical species in
the growth chamber and can be used to adjust beam fluxes and identify background

impurities.

1.3.2 1III-V Growth

The MBE growth of semiconductor crystal is optimized by adjusting two main param-
eters: substrate temperature and source flux. Since III-V compounds preferentially
desorb group V elements, the group V flux must be maintained between three to
ten times higher than the group III flux to grow a stoichiometric crystal. This ratio
increases as the substrate temperature is raised, provided that the temperature does
not exceed the “congruent sublimation temperature,” at which point the III-V com-
pound becomes unstable [23]. Since the excess V element desorbs, the growth rate is
controlled by the III flux and the associated cell temperature. It is generally known

that the crystal quality can be improved by using a higher substrate temperature and
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minimizing the V flux while still maintaining a V element stabilized growth front [23].

The structures studied in this thesis consisted of GaAs/AlGaAs and
InAs/GaSb/AlISb.  All of these structures were grown in a Perkin-Elmer 430
MBE chamber equipped with cracked As and Sb cells. The AlGaAs samples were
grown on epi-ready (100) GaAs substrate at a substrate temperature of 570 °C,
which is slightly below the oxide desorption temperature of GaAs. An As stabilized
front was always maintained by keeping a 4 x 2 RHEED pattern.

Most of antimonide heterostructures were grown on (100) GaSb substrate, which
were etched prior to introduction to the UHV environment. The growth temperature
for the bulk materials was slightly below the GaSb oxide desorption point at 520
°C, whereas a lower temperature was required for InAs/AlSb superlattice growth in

order to reduce cross anion contamination. The RHEED reconstruction patterns for

GaSb/AlISb and InAs are 1 x 3 and 4 x 2, respectively.
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Figure 1.6: Current voltage behavior of antimonide RIT grown on GaAs wafer.

The crystal growth is divided into the arsenide and antimonide groups due to the

8% lattice match between GaAs and GaSb. It is possible, however, to overcome the
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lattice match and the resulting misfit dislocations by using a buffer layer [24]. This is
demonstrated in Fig. 1.6 which shows the I-V curve of an antimonide RIT diode grown
on GaAs substrate. One can also take advantage of the lattice mismatch between these
two material systems. As illustrated by the atomic force microscope (AFM) scan in
Fig. 1.7, GaSb dots are formed as a result of the surface free energy effect when several
monolayers of GaSb are grown on GaAs substrate. Though lacking uniformity, these
dots may be a viable way to realize zero dimensional quantum structures. These

examples clearly demonstrate the versatility and flexibility of the I1I-V MBE process.

' NanoScopve . AFN
Scan size , . 1.000 pmu
Setpoint . 1,000V
Scan rate . 3.815 Hz
Number of samples 512

X 0.200 pw/div
Z 100.000 nm/div

09191447 .001

Figure 1.7: AFM scan of dots formed from two monolayers of GaSb deposited on
GaAs substrate. Note that the large bright object on the left is a dust particle.
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Part 1

Novel Devices Based on

InAs/GaSb/AlSb Heterostructures
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Chapter 2 Avalanche Photodiode Theory

2.1 Introduction to Chapter

The first device investigated in this thesis is the antimonide avalanche photodiode.
This chapter describes the basic theory of avalanche photodiode operation and pro-
vides the necessary background for the following two chapters. Much of the chapter
will be devoted to the importance of impact ionization enhancement, which is the
critical factor in avalanche photodiode design and one of the initial driving forces
for antimonide avalanche photodiode research. The equally important, and perhaps

more practical, subject of dark current suppression is also discussed.

2.2 Basic Operation

The avalanche photodiode consists of a reversed biased pn junction. As shown in
Fig. 2.1, incoming photons are absorbed by the semiconductor and generate electron
hole pairs. Under high field conditions, these electrons and holes may gain large
amount of energy from drift motions in the depletion region. In the so called “impact
lonization process,” the hot carriers knock off bound electrons upon collision with
atoms in the crystal. The end result is that each hot carrier gives up its energy
towards the creation of a new electron hole pair. The process repeats itself and the
final multiplied current can be several hundred times larger than the initial incoming
signal [1].
The signal to noise (S/N) ratio of an avalanche photodiode is given by:
zlgnPo/hv)*M?

5. (2.1)
N~ 2q(IpFp + IpFp)M?B + 4kTB/R

where ¢ is the electronic charge, 7 is the quantum efficiency, P, is the incoming signal
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Figure 2.1: Band diagram and basic operation of an avalanche photodiode [1].

power, hv is the photo energy, M is the multiplication factor, Ip and Ip are the signal
current and dark current, Fp and Fpp are the associated excess noise factors, B is the
detector band width, kT is the thermal energy, and R is the detector impedance [1].
The larger multiplied signal implies a better S/N ratio and greater detector sensitivity:
as the multiplication factor is increased, the Johnson noise term 4kTB/R plays a
diminished role and the S/N ratio approaches the shot noise limit. However, this is
not without penalties. The statistical nature of the avalanche process means that
additional noise is introduced as the current is multiplied. This is accounted for
by the excess noise factor F'(M), which becomes increasingly significant at higher
multiplication factors. Thus the avalanche photodiode researcher is concerned about
finding ways to reduce the excess noise factor F'(M), especially in night vision type

applications where high detector sensitivity is desired.



23
2.3 Impact Ionization Ratio

The side effect due to the statistical nature of the avalanche process is minimized
when only one type of carrier dominate the impact ionization process [2]. Hence
the most important parameter for the multiplication material is the ratio of electron
and hole impact ionization rate (a/5). A large impact ionization ratio will result
in more gradual increase of F'(M) with multiplication factor M, a higher gain band
width product, and reduction of microplama formation, which is detrimental to the

stability of avalanche photodiode operation.
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Figure 2.2: Schematic representation of avalanche multiplication process. (a) a=p.

(b) 5=0.

Intuitively, this can be understood by examining Fig. 2.2, which depicts electrons
and holes drifting in opposite directions in the high field region of an avalanche
diode. In Fig. 2.2(a), the ionization rates of electrons and holes are equal, whereas in
Fig. 2.2(b) only the electrons can impact ionize. Note that the total number of output
carriers is the same in both pictures because the gains are the same. To compensate
for the lack of hole ionization, the electric field in Fig. 2.2(b) is much higher, which
results in higher electron ionization rates and a shorter average ionization path. The
process in Fig. 2.2(a) is ihherently more noisy and slower because the ionization path

has long segments and zig-zags across the depletion region many more times. In
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comparison, the ionizations in Fig. 2.2(b) only goes toward one direction and there
1s much less statistical variation due to the shorter average ionization path.

The mathematics of the avalanche process and resulting dependence of excess
noise factor on ionization ratio was first worked out by Meclntyre in 1965 [3], whereas
the gain bandwidth product dependence was shown to depend critically on impact
ionization ratio by Emmons and Lucovsky [4]. The main results of their findings are
summarized as follows.

The multiplication factor M is given by

1
1= fy cexp[— [§(a — B)dx)dx

M, (2.2)

where w is the width of the depletion region. Note that the electron and hole impact
ionization rates « and [ are functions of electric field and electron injection from the
p side edge (z = 0) of the junction is assumed. For hole injection from the n side of
the reverse biased pn junction, simply exchange the roles of « and (3 and change the

inner integration limits from [0, 2] to [z, w].
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Figure 2.3: Field dependence of multiplication factor for different ionization ratios [5].
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The electron multiplication factor is plotted as a function of electric field for var-
lous lonization ratios in Fig. 2.3. It can be seen that the multiplication is much more
sensitive to the electric field when the ionization rates are nearly equal. Despite high
gains at lower field, this is an undesirable scenario because the device is very unstable
with respect to field fluctuations which may result from crystal imperfections [5]. In
fact, local breakdowns known as “microplasmas” of electrons and holes do form and
are detrimental to the noise characteristics of the device [6].

The gain bandwidth product of the avalanche photodiode is given by

1
M = oy Ga) 23)

where w is the cut off frequency, W the depletion width and v, the saturation velocity
of the electron [4]. There is a trade off between gain and bandwidth because the higher
gains require more ionization segments (see Fig. 2.2(a)). The resulting extra passage
through the depletion region slows down the avalanche process. For the same gain, the
device with the higher ionization rate ratio is faster because of the shorter ionization
path.

The excess noise factors are given by

F, = Mn((l - (1 - k)[(Mn - 1)/Mn]2)) (2'4)

Fp = My((1 = (1 = 1/k)[(M, — 1)/Mp]*)) (2.5)

where k = (/a, and M, and M, denote electron and hole multiplication factors,
respectively [3]. These expressions are plotted in Fig. 2.4 for various values of a/f3.
Because of the symmetry of these equations in n, p, k, and 1/k, only one set of curve
is required. In this figure, it can be seen that for a low excess-noise factor the electron
and hole ionization rates must be greatly different. In addition, the device structure
must be designed so that the carrier with the highest ionization rate is injected into

the high field region. If the reverse is true, the excess-noise factor will actually be
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worse than that for a device with equal ionization rates.
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Figure 2.4: Effect of impact ionization ratio on excess noise factor [3].

2.4 Impact Ionization Enhancement

2.4.1 Hole Impact Ionization Enhancement from Spin-orbit

Split-off Band Resonance

Much of the interest in antimonide avalanche photodiode is due to the possibility
of hole impact ionization enhancement from the spin-orbit split-off band resonance.
Such an effect would result in an improved hole to electron impact ionization ratio
and better avalanche noise characteristics.

In order to understand this effect, one must take a closer look at the impact
lonization process. Figure 2.5 shows an electron initiated impact ionization transition
in a band structure exhibiting general features of a zinc blende semiconductor. In

the event depicted, an initiating electron makes a transition from state i(F;, k;) to
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Figure 2.5: Band structure view of an electron initiated impact ionization process [8].

state 1(En, k1) promoting an electron to state 2(Es, ky) and resulting in a hole in the
valence band state 3(Es, ks). A central requirement for this process is conservation of
energy. A brief reference to Fig. 2.5 shows that this means that the threshold energy
must be at least as large as the bandgap, and one should expect the threshold energy
to depend strongly on E,. Secondly, conservation of momentum must be maintained.

Thus the necessary conditions for impact ionization are

E(ks) = E(ks) + E(kz) - E(ks) (2.6)

ki = k1 + k2 - k3 (27)

The threshold energy for the process is determined by minimizing the energy of the

initial particle with respect to arbitrary variations in the states of the final particles,
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subject to the restrictions of conservation of energy and momentum [7]:

dk; - Vi E(k;) = 0 = dky - Vi E(ky) + dks - VieE(ka) — dks - VieE (k)

(2.8)

dk; = 0 = dk; + dko — dks (2.9)

Substituting (2.9) into (2.8) and recognizing Vi E(k) as the group velocity v, we get

0= (Vl - V3) . dkl -+ (V2 - V3) . dk2 (210)

For the above relation to be satisfied for arbitrary dk, and dks, implies:

V1= Vg = Vs (2.11)

That is, the group velocities, or slopes of the E — k diagram, must be equal for all
final states.
For a parabolic conduction band with effective mass m,. and a valence band with

effective mass myy,, the conditions above yield a threshold energy [8]

m
Ep=E,(14+ —=— for electrons 2.12
th o (1 + o mhh) or electrons (2.12)
M,
Eyp=F,(1 4+ —mo for holes 2.1
th o (1+ e — or holes (2.13)

The hole initiated process is further complicated by the presence of the spin-
orbit split-off band. The three band hole impact ionization process is depicted in
Fig. 2.6. The spin-orbit split-off hole initiated process dominated over the light hole
or heavy hole initiated process because its threshold energy is much lower. Following

derivations similar to the electron process, the threshold energy can be shown to be
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Figure 2.6: Hole initiated impact ionization process involving the spin-orbit split-off
band [9].

given by [§]

Meo(l — A/Ey)
thh + Me — Mo

By, = E (1 + ) for A < E, (2.14)

Ep=A for A > E, (2.15)

where A is the spin-orbit split-off band offset and my, is the effective mass of the split
off band.

These equations make it clear that the spin-orbit splitting can have a pronounced
effect on the hole ionization threshold energy by reducing it, while leaving the electron
lonization threshold energy unchanged. Since the ionization rate depend exponen-
tially on the threshold energy [2], a strong enhancement of hole/electron ionization
ratio is expected in a material where the spin-orbit split-off band difference A matches

the bandgap energy E,.
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In the Al,Ga,_,Sb system, A matches E, at x = 0.04 ~ 0.065, where E, ~ 0.75
eV. This effect was first proposed for avalanche multiplication with limited amount
of experimental evidence by Hildebrand et al. [9]. However, other experimental and
theoretical studies have since generated contradictory results. In particular, Hidel-
brand’s findings were supported by Gouskov et al. [10], whereas Kuwatsuka et al. [11]
showed that 3/« in Al 0sGagg4Sb was lower than previously measured and there was
no enhancement of 5/« at the split-off band resonant condition. Alternative theoret-
ical explanations for the observed effect based on composition disorder has also been
proposed [12]. Thus hole ionization enhancement from spin-orbit split-off band reso-
nance in AlGaSb is still an unsolved problem with large technological and scientific
consequences.

It should be pointed out that previous studies on the subject have all used lig-
uid phase epitaxy (LPE) as the crystal growth method. Since the effect is possibly
material dependent [12], there is clear incentive to study similar device structures

fabricated from molecular beam epitaxy.

2.4.2 Electron Impact Ionization Enhancement from Super-

lattice Band Offset

An alternative way to enhance the impact ionization ratio is to use superlattice struc-
tures with large differences in conduction and valence band offset [13]. This effect is
illustrated by Fig. 2.7.

Because of the very low doping, the electric field can be regarded as constant across
the barrier and well layers in the superlattice. Consider a hot electron accelerating
in the large bandgap barrier layer. Upon entering the well it abruptly gains an
energy equal to the conduction band edge discontinuity AFE.. The effect is that the
electron “sees” an ionization energy reduced by AF,.. Since the impact ionization
rate « increases exponentially with decreasing threshold energy, a large increase in
the effective « is expected. When the electron enter the next barrier region, the

threshold energy in this material is increased by AE,, decreasing o in the barrier
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Figure 2.7: Electron impact ionization enhancement in a GaAs/AlGaAs superlattice
multiplication layer.

layer. However, since quen > Qparrier, the exponential dependence on the threshold

energy ensure the average a given by

o = (awelleell -+ abarrierLbarrier)/<Lwell + Lbarrier) (216)

is increased (L denotes layer thicknesses).

In contrast, the hole ionization rate § is not substantially increased because the
reduction in hole ionization energy is only the valence band discontinuity AFE,, which
1s made much smaller than AE,. The net result is a large enhancement of a//(.

This approach to ionization ratio enhancement has been successfully demonstrated
in AlGaAs [14] and InGaAlAs systems [15]. The scheme has not been adequately
exploited in the GaSb/Al,Ga;_,Sb system despite the large band offset differences
available. The success of the approach in the AlGaSb system will depend on the
transport mechanism in AlISb. If I" point transport dominates, the effective conduction

band offset between AISb and GaSb will be 1.15 eV, which is much larger than their
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valence band offset at 0.45 eV. This would result in a large enhancement of electron
to hole lonization ratio in a superlattice structure. However, if electron transports
via the X point valley in AISbh, the effective conduction band offset is only 0.55 eV,

and the lonization enhancement effect would be diminished.

2.5 Practical Considerations: Dark Current

As mentioned earlier, much of the initial driving force behind the antimonide
avalanche photodiode is due to the possibility of ionization ratio enhancement, which
results in a better S/N ratio and detector sensitivity. A closer look at the noise
contributions and minimum detectivity of the device, however, reveals that the dark
current plays just as important a role. In fact, low dark current is the prerequisite
for optimal operation of avalanche photodiode.

This can be understood by examining the noise-equivalent-power (NEP) of an
avalanche photodiode, which is defined as the incident optical power required to
produce a power signal to noise ratio of one in a 1 Hz bandwidth. In essence, the
NEP expresses the signal to noise relationship such that the detector sensitivity is
better characterized. It’s a good indicator of how well the device can be adapted for
low signal level applications such as night vision. From the signal to noise relation of

an avalanche photodiode, the NEP is derived as

hy 2 I 2WKT
NEP = 7”[ (IpgFp+ -2 4 =2

q M2 GRM? IhS (2.17)

where hv is the photon energy, 7 is the quantum efficiency, ¢ is the electronic charge,
Ipp is the bulk dark current, Fp is the excess noise factor associated with Ipg, Ips
is the surface dark current, A is the multiplication factor, £7" is the thermal energy,
and R is the detector impedance [2].

The various terms in the expression is plotted as a function of the multiplication
factor in Fig. 2.8. It can be seen that the Johnson noise contribution decreases with

avalanche gain whereas the contribution from the shot noise term increases with gain.
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Figure 2.8: Noise equivalent power of an avalanche photodiode.

The detectivity is optimized near the region where these two terms cross each other.
Since the Johnson noise comes from the amplifier circuit it is considered part of the
system constraint. From the viewpoint of the device designer, a smaller NEP and
better sensitivity must be achieved by lowering the shot noise term. This can be done

in two ways:

1. Minimize the dark current so that the shot noise contribution starts at a lower

level (curves ¢ and d in Fig. 2.8).

2. Improve the ionization ratio so that the excess noise factor increases slower with

avalanche gain (curves b and d in Fig. 2.8).

Thus enhancement in ionization ratio alone will only have a secondary effect on
the sensitivity of the device. It is crucial that the device dark current is kept as low

as possible.
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Chapter 3 Design, Fabrication, and
Characterization of Avalanche

Photodiodes

3.1 Introduction to Chapter

The avalanche photodiode work can be viewed as a closed feedback loop consisting
of growth, processing, characterization and design. Due to the relative immaturity
of the antimonide system, much of the device research is devoted to overcoming
materials/fabrication issues and establishing the feedback loop. The experimental
procedures and methodologies critical to the realization of antimonide avalanche pho-

todiodes are established in this process and are described in detail in this chapter.

3.2 Device Design

Avalanche photodiodes typically have a PIN configuration with most of the electric
field dropped across the intrinsic multiplication region under reverse bias. A p™n*
configuration is adapted here because it is difficult to grow AlGaSb layers with low
background impurity levels. Due to the low vapor pressure of antimony, Ga tend
to occupy Sb vacancies in a AlGaSb crystal and form an anti-site defect which is a
double acceptor. Thus unintentionally doped AlGaSb is always p-type [1].

The basic device structure is shown in Fig. 3.1 and consists of three sections: a
heavily doped p* (p=2x10"®/cm?) GaSb contact/absorption layer, an unintentionally
doped p~ multiplication layer, and a selectively doped n™ InAs/AlSb superlattice

layer.
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Figure 3.1: Band diagram of the antimonide avalanche photodiode grown by MBE.
The device had a p~n* configuration with a p~ bulk AlgsGagosSb or GaSh/AlISb
superlattice multiplication layer and a selective doped n* InAs/AlISb superlattice
layer. The device is shown under reverse bias.

3.2.1 Multiplication Layer

The multiplication layer consists of either bulk AlGaSb or GaSh/AlISb superlattices.
For bulk AlGaSb multiplication layers, the Al concentration must be adjusted to
match the spin-orbit split-off band offset A with the bandgap E, to possibly lower
the hole ionization threshold energy [2]. Fig. 3.2 shows the variation of A and E, with
Al composition x. It can be seen that the resonant condition occurs approximately
for x between 0.04 and 0.065. The composition of 0.04 is chosen by consulting the
latest literature [3].

From Hall measurement, the background doping in the AlGaSb layer was found to

be p=5x10%/cm?®. For an one-sided, abrupt pn junction, the avalanche break down
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Figure 3.2: Variation of spin-orbit split-off band difference A and bandgap E, with
Al composition in Al,Ga;_,Sb [4].

voltage is given by
Vi = 60(E,/1.1)*?(Ng/10'6)~3/4 (3.1)

where E, is the room temperature bandgap in eV, and Np is the background doping
in cm™ [5]. Given the bandgap of AlgsGaggsSb at 0.75 eV and the measured doping
level, the bulk device is estimated to have an avalanche breakdown voltage of 14 V
and a breakdown depletion width of 0.6 pum on the lightly doped side. Thus the
Alp04GaggeSb layer was kept to be at least 0.6 um thick to maximize the length of
the multiplication region. Multiplication layers much thicker than the depletion width
will degrade device performance because photo generated carriers in the underlying
p-layer will have to traverse a longer path before being swept into the multiplication

region.
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The superlattice gain layer consists of ten periods of alternating GaSb and AlSb
layers. The large conduction band offset (1.15 eV to the I' point of AlSbh, 0.55 eV to
the conduction minimum near the X point of AlSb) and comparatively smaller valence
band offset (0.45 V) between these materials indicate potential for electron ioniza-
tion enhancement. For comparison purposes, the overall thickness of the GaSb/AlISh
superlattice gain layer was kept the same as its bulk counterpart at 0.6 pm. This re-
sults in a GaSb or AlSb single layer thickness of 300 A which enables ionizing carriers

to gain enough energy at high field conditions (E>10°/cm) to get out of the well.

3.2.2 InAs/AlSb n-type Superlattice

The InAs/AlISb superlattice n layer is the distinguishing feature of the MBE grown
device structure. This approach to n-layer fabrication was first implemented in an-
timonide mid-infrared lasers [6] and has a number of advantages over conventional
ternary or quaternary material. By incorporating Si only in the InAs layer, heavy
n-type doping can be achieved without using tellurium, which is highly toxic and a
known contaminant to III-V growth. Since the lattice constant of GaSbh is between
that of InAs and AlSh, the superlattice can be precisely lattice matched to the GaSb
substrate by adjusting the InAs and AlSb constituent layer thickness. Variation of
the InAs and AlSb layer thicknesses also results in separate tuning of the superlattice
conduction and valence band edges, which can be used to optimize the band offset
within the device structure. Due to the deeper electron quantum well, the conduction
band edge can be tuned over a much wider range, hence the superlattice bandgap is
largely dependent on the InAs layer thickness. As illustrated in Fig. 3.3, decreasing
the InAs layer thickness from 27 A to 5 A results in a 0.4 eV shift in the conduction
band edge and an increase of the superlattice bandgap from 0.8 to 1.2 eV [7].

To first order, design constraints for the InAs/AlSb superlattice are due to carrier
transport and light absorption considerations. The superlattice is doped at a high
level (n=1x10'®/cm?) to form the desired p~n* junction and minimize contact resis-

tance at the surface. When the junction electric field reaches avalanche breakdown
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Figure 3.3: Calculated InAs/AlSb superlattice bandgap energy and band overlap with
GaSb as a function of the superlattice period thickness [7]. The InAs and AlSb layer
thicknesses were assumed to be equal.

levels (2x10° V/cm ), the depletion width on the n-side is on the order of several
hundred A, which is small compared to the overall thickness of the superlattice layer
at several thousand A. Hence bias induced variation in depletion width has only a
slight effect on the quantum efficiency of the light absorption process. The superlat-
tice bandgap must also be kept larger than the underlying multiplication layer and
the GaSb substrate so that it is transparent to long wavelength photons designed
to be absorbed in the p-layer. This will result in electron injection as required in
subsequent two wavelength photo characterization experiments (Section 3.5). Given
the bandgap of GaSb at 0.72 eV, figure 3.3 indicates that the InAs layer thickness
must be kept below 30 A.
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3.3 Growth

3.3.1 Buffer and Multiplication Layers

The avalanche photodiode structures were grown on (100) GaSbh wafers, which were
etched [8] prior to indium bonding with a solid growth block. Radiatively heated
growth blocks were also tried but temperature regulation was a problem due to the
small thermal mass of these blocks.

Following oxide desorption under Sb over pressure, a 1 pm thick GaSb buffer
layer was deposited at a substrate temperature of 520 °C. The buffer layer was heav-
ily doped with Si and acted as the p* bottom contact to the device. The Si cell
was subsequently shuttered off during growth of the unintentionally doped multi-
plication layer. The same substrate temperature was used since the multiplication
layer consisted of bulk Alg04GagoeSb. It was raised slightly to 535 °C for growth of
GaSb/AlISb superlattice multiplication layers because AISb required a higher growth
temperature [9].

The Sb to Al/Ga flux ratio was typically kept at 3 to 1 as indicated by the residual
gas analyzer (RGA). The growth front was smoothed at each hetero interface by a 10
to 30 second Sb soak. A two dimensional growth front was maintained by monitoring
the 1 x 3 reflection high energy electron diffraction (RHEED) pattern characteristic
of reconstructed AlGaSb surface.

'The composition of the AlGaSb bulk multiplication layer was adjusted by varying
the Al and Ga cell temperatures and confirmed by X-ray diffraction studies. As an
example, Fig. 3.4 shows a high resolution X-ray scan of a calibration sample. The
high quality of the crystal was evidenced by the narrow and symmetric diffraction
peaks of the buffer and multiplication layers. Typical full width at half maximum
(FWHM) for these peaks were below 30 arc seconds and only slightly larger than
that of the GaSb substrate. Such narrow FWHM’s allowed easy identification of the
closely spaced peaks, and allowed accurate determination of the Al content of these

peaks from their positions relative to the substrate peak.
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Figure 3.4: X-ray diffraction scan of Al composition calibration sample. The Al
composition of the AlGaSb layer was varied by changing the Al cell temperature
during MBE growth.

3.3.2 InAs/AlSb Superlattice

The selectively doped InAs/AlSb superlattice was grown following the multiplication
layer. N-type doping was easily achieved by opening the Si shutter during growth
of the InAs constituent layer. Since this is the last layer in the growth sequence,
it is pertinent to maintain a high crystal quality in the layers prior to superlattice
growth. Compared to the bulk layers, the superlattice structural quality was much
more difficult to maintain due to the short period and mixed anion nature of material.

The difficulties to InAs/AlSb superlattice growth originate from cross incorpora-
tion of As and Sb spieces and exchange of these spieces at the InAs/AlSb interface [10].
Arsenic incorporation in the antimonide layers is especially severe because As has a
much higher vapor pressure than Sb at a given temperature. During growth of the
AlSb layer, there is considerable As background pressure even though the As shut-

ter is closed. For short period superlattices, the situation is worsened because the
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shutter times are shorter and there are more individual layers through which crystal
imperfections can accumulate.

The X-ray diffraction pattern of an InAs/AlSb superlattice with severe excess
As incorporation is shown in Fig. 3.5(a), whereas a well grown crystal is shown in
Fig. 3.5(b) for comparison. Note that the superlattice central peak is on the large
angle side of the GaSb substrate peak in Fig. 3.5(a) and it is on the small angle
side in Fig. 3.5(b). This is the tell-tale sign of arsenic incorporation because the
arsenides have smaller lattice constants and larger X-ray diffraction angles. Compar-
ison between the two X-ray scans indicate that less arsenic incorporation results in
much better crystal quality as evidenced by the narrower superlattice central peak
and existence of higher order satellite peaks in Fig. 3.5(b).

There are two important factors to preventing arsenic incorporation and achieving
the result in Fig. 3.5(b): minimize the arsenic flux and lower the substrate temper-
ature as much as possible. The arsenic flux is reduced by using a valved cracker
and using the least amount of arsenic flux that still results in an arsenic stabilized
InAs growth front (4 x 2 RHEED pattern). This requires careful calibration since
further reduction in arsenic flux results in an indium stabilized growth front (2 x 4
RHEED pattern) which is detrimental to the crystal quality. Substrate temperature
reduction works because the disparity between As and Sb background pressure drops
off rapidly with temperature. This strategy is limited by the fact that atoms on
the crystal surface lose mobility and three dimensional islanding will result when the
growth temperature becomes too low.

Empirically, the arsenic flux was calibrated from trial runs and the ideal growth
temperature for the InAs/AlISb superlattice was found to be slightly above the 1 x 3
to 1 x 5 transition point of GaSb. The 1 x 5 RHEED pattern signifies excess amount
of antimony on the surface and the transition point is dependent on the antimony
flux used. For the antimony flux required in the superlattice growth, the transition
typically occured at 420 °C. Hence the substrate was cooled by nearly 100 °C at the
start of InAs/AlISb superlattice growth.

The As/Sb exchange reaction at the InAs/AlSb interface was controlled by using
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Figure 3.5: X-ray diffraction scan of 27 A/27 A InAs/AISb superlattice (a) grown
at a high substrate temperature which resulted in excess As incorporation (b) grown
under optimized conditions.
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Figure 3.6: Growth defects may form for short period superlattices despite good X-
ray data. (a) X-ray scan of 10 A/20 A InAs/AISb superlattice. (b) SEM scan of the
same wafer.
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a Sb soak at each hetero interface. X-ray photo electron spectroscopy (XPS) study
has indicated that this will result in an InSb like interface [11], which was known to
have a lower defect density level [12]. A soaking time of 5 seconds was used because
the exchange reaction saturates after a few seconds [11].

With these measures, high crystal quality was consistently achieved. The RHEED
pattern remained streaky even for short period superlattices (5 A 10 A) and exhibited
sharp 2 x 4 and 1 x 3 reconstructions for the InAs and AlSb layers, respectively.
X-ray diffraction scans typically yielded second and third order satellite peaks for
superlattices with relatively long periods (Fig. 3.5(b)) whereas only the second order
peak is visible for short period superlattices (Fig. 3.6(a)). Much of the broadening
in the X-ray diffraction peaks are due to drift in substrate temperature and can be
further improved with better temperature control. It should be mentioned that good
RHEED and X-ray data do not always guarantee defect free wafers. As shown in
Fig. 3.6, scanning electron microscopy (SEM) may reveal defect like features even
though the corresponding X-ray data looks promising. These defects arise from Ga
and In spitting or agglomeration of In, and are highly conductive and detrimental to

device performance.

3.4 Processing

3.4.1 Photolithography

To prevent oxidation of the AISb, all growth runs ended with a 50 A GaSb capping
layer. The wafers were then taken out of the growth chamber and metallized ex situ by
using a sputter deposition tool. Photolithography was used to define rectangular and
circular device mesas that ranged in size from 37 pym to 200 ym. As shown in Fig. 3.7,
two types of devices were fabricated with different contact metal configurations. In
Fig. 3.7(a), the metal layer was kept at 50 A so that it was semi-transparent to light.
These mesa required only one mask step and was used for preliminary current-voltage

and photo response characterization. The device in Fig. 3.7(b) was designed for direct
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Figure 3.7: Avalanche photodiode device mesas. (a) Simple mesa with thin metal
contact. (b) Mesa designed for direct injection of light through the opening in contact
metal.

injection of light into the semiconductor required a two mask process. The mesa had

a light sensitive opening surrounded by a ring of contact metal 2000 A in thickness.

3.4.2 Etching

The etch-down of the device mesas presented a special problem because of the mixed
anion nature of the InAs/AlISb superlattice. As shown in Table 3.1, standard wet etch
recipes for arsenides and antimonides did not work well. The arsenide etches were
stopped by the antimonide layers whereas the antimonide etches did not go through
the arsenides. Mixing of these etches was not recommenced due to unforseen chemical
reactions that may take place. For example, the sulfuric acid in the arsenic etch may
react with the methanol in the antimonide etch and form dimethylene sulfate which
is highly toxic [14]. After much experimentation, a satisfactory solution was found
by using Cly assisted dry etching. In this process, the sample was immersed in Cly
flow while subjected to bombardment by accelerated Ar ions. Etching took place

as the high energy ions milled away the material weakened by reactions with Cls.
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Table 3.1: Summary of etch results.

Etch Type Result

Bry:Methanol Etch very uneven, surface extremely rough

Bro:HBr:Methanol Stopped by InAs

Bry:HNO3:HClL: Acetic [8] Stopped by InAs

H3SO4:HO49:DI water Stopped by AlSb

HF:HyOq:Tartaric acid [13] | Etches all layers, but results in rough sur-
face

Xe/Cly dry etch Etches all layers (including metal) with
smooth surface

The combination of chemical and physical etching makes the process applicable to
arsenides, antimonides, and even metal. The process was also highly anisotropic due
to the directional bias of the high energy ions. Typical etch rates were on the order
of 1 pm/min for GaSb and 0.1 gm/min for the InAs/AlISb superlattice. As shown
in Fig. 3.8, the dry etched sample had a much smoother surface than its wet etched

counterpart.

(a) (b)

Figure 3.8: (a) Wet etched surface. (b) Dry etched surface with smoother surface and
fewer etch defects.
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An inherent problem to the dry etching process is the damage on the side walls of

the device mesa. This is shown in the cross-sectional SEM scan of the device mesa

in Fig. 3.9. The fine striations in the micrograph were created from bombardment of

high energy Ar ions and may result in additional surface leakage current.

Au

InAs/AlSb

Superlattice AlGaSb  GaSb

Absorption  Gain Buffer = GaSb
Layer Layer Layer Substrate

VoL

Figure 3.9: Cross-sectional SEM micrograph of the device mesa.

As a remedy, the devices mesas were immersed in HF:H,Os:Tartaric acid [13] for

2 minutes following the dry etch. Sulfur passivation was also tried since it was known

to passivate 1II-V surfaces [15]. The procedure involved exposing the device mesas

to (NHy)sS solutions for up to 5 minutes. The results of these additional processing

steps on device dark current are illustrated in Fig. 3.10. It can be seen that the wet

etch anneal did not have a noticeable effect on dark current. Sulfur passivation did

reduce surface leakage at low reverse bias, but the effect was diminished at high bias.
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Figure 3.10: Effect of post dry-etching processing steps on device dark current.

These additional processing step did cause deterioration on the chip surface and
more variation in individual device I-V characteristics. The effect was especially
severe for the (NH,),S soak. Hence the wet etch anneal and sulfur passivation were

not included as part of the standard device processing procedure.

3.5 I-V and Photo Response Characterization

The current-voltage (I-V) characteristics of the devices were examined by using a
HP 4156 semiconductor parameter analyzer. The I-V curves were taken at room
temperature and liquid nitrogen temperatures. The latter required wire bonding
onto a device header and dunking the set-up into a liquid nitrogen dewer.

Following I-V characterization, devices with low dark current and good avalanche
characteristics were studied for their photo response characteristics. Fig. 3.11 shows

a schematic representation of the photo response set-up. In this experiment, the
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avalanche photodiodes were excited by using semiconductor lasers. A lock-in scheme
at 10 KHz was employed to pick out the multiplied photo signal against the dark
current background. The semiconductor laser light was injected via a single mode
fiber butt coupled to the top surface of the device mesa. Since the core diameter of
the fiber (9 pm) was much less than the mesa diameter (> 37 um), coupling loss can
be prevented as long as the fiber was brought sufficiently close to the device mesa (<
50 pm). This simple light coupling scheme was favored because no re-focusing was
needed when a laser of different wavelength was hooked up at the input end of the

fiber.

Fiber
Laser Light
Modulated HP 4185
@ 10 KHz m/ \&&/ : Voltage Source

Photo-
G Response

- ‘ \ Signal
\————‘ Lock in
APD Device Mesa Amplifier

= Trans Impedance
Amplifier

Figure 3.11: Experimental setup for photo response characterization.

In order to measure the electron and hole ionization coefficients of multiplication
material, it is necessary to have light absorption in both the p and n regions of the
device [16]. This results in electron and hole initiated photo multiplications and
different photo gain curves when the electron and hole ionization coefficients are
different. The ionization coefficients and their ratio can then be calculated from the
coupled pair of photo gain curves if the field profile of the multiplication region is

known [16].
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Figure 3.12: Electron and hole carrier injection by using light of different wavelength.

Experimentally, this was accomplished by using semiconductor lasers of different
wavelengths. As shown in Fig. 3.12, the 781 nm photons were absorbed in the n-
type InAs/AlSb superlattice for hole injection due to its short wavelength, whereas
1645 nm and 1740 nm laser light resulted in electron injection for Alyg4GaggeSb gain
layer devices because the energies of the long wavelength photons were below the
multiplication layer bandgap and the absorption took place in the underlying p-type
GaSh layer.
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Chapter 4 Results of Avalanche
Photodiode Study

4.1 Introduction to Chapter

In this chapter the results of antimonide avalanche photodiode research are presented.
The material can be roughly divided into two parts. The first part of the chapter
describes early effort in dark current reduction and realization of a working device,
where the focal point of the research was on the design of the InAs/AlSb superlattice
n-type layer. The second part of the chapter describes the photo response charac-
teristics of avalanche photodiodes with bulk and superlattice gain layers and draws

comparison between the two approaches.

4.2 Early Results

The very first avalanche photodiode structure examined had a bulk AlygsGagesSh
multiplication layer and a single stage InAs/AlSb superlattice. The multiplication
layer thickness was 1 pm, which ensured that the full depletion width contributed
to the avalanche process. The n-type superlattice was 0.5 pm thick and consisted of
100 periods of 27 A/27 A, InAs/AlISb layers. The superlattice bandgap was slightly
greater than that of GaSb as required in subsequent two wavelength photo response
measurements. The relatively long period of the superlattice resulted in good crystal
quality as evidenced by the presence of second and third order satellite peaks in the
corresponding X-ray diffraction scan (Fig. 3.5 (b)).

The I-V characteristics of this device is shown in Fig. 4.1 and exhibited diode-
like behavior. However, the reverse leakage current increased exponentially with

bias and reached break down levels (10 mA for a 67 pum device) before avalanche
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Figure 4.1: Current-voltage characteristics of first avalanche photodiode structures
fabricated. (a) Scaling with device area. (b) Scaling with device size.
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characteristics could be observed. The high leakage current limited the maximum
reverse bias across the device to 2 V, which was an order of magnitude smaller than

the expected avalanche break down voltage of 14 V.

Room Temperature

-8 1 N | X | s 1 ! i
10 -2 -1 0 1 2

Voltage [V]

Figure 4.2: Low temperature I-V characteristics of first avalanche photodiodes fabri-
cated.

The origin of the high leakage current was addressed by studying I-V scaling with
device size and measuring [-V characteristics at low temperatures. From Fig. 4.1,
it can be seen that area scaling dominated the reverse behavior whereas perimeter
scaling was more important under forward bias. This indicated that the reverse leak-
age current had a significant bulk contribution. Given the exponential nature of the
reverse current, tunneling across the reverse biased pn junction was suspected as the
underlying dark current mechanism. This was confirmed by the low temperature I-V
data shown in Fig. 4.2. The reverse current at liquid nitrogen temperature was much
smaller than at room temperature but retained the exponential behavior characteris-

tic of tunneling. The break down could not be due to avalanche mechanisms because
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the breakdown voltage varied inversely with temperature. At low temperatures, the
avalanche breakdown would have happened at a lower voltage due to lack of phonon
scattering, i.e. the ionization process is enhanced at low temperatures because the

hot carriers are not scattered as much by phonons [1].

4.3 Effect of InAs/AISb Superlattice Period on
Dark Current

The bulk nature of the leakage current indicated that improvements in crystal growth
or structural design were necessary. To address the first possibility, the growth con-
ditions were systematically varied to reduce interface defects and improve the general
quality of the crystal. Fig. 4.3 shows the I-V curves from two other attempts in com-
parison with the original result. Curve b was obtained from a wafer grown with a
higher Sb/Ga ratio for the avalanche multiplication layer. The higher Sb over pres-
sure should minimize Ga on Sb anti-site defects and reduce the background doping
level [2]. Curve C was obtained from a device with the InAs/AISb superlattice grown
at a slightly higher temperature and with a lower Sb/Ga ratio to reduce Sb incorpo-
ration. It can be seen that both strategies have produced devices with higher dark
currents. In general, deviations from the optimized growth conditions described in
Chapter 3 have resulted in worse crystal quality and poorer device characteristics.
These growth experiments indicated that the high dark current was not associated
with the crystal quality of the growth and must be due to the inherent property of
the structure itself. This hypothesis was confirmed by examining structures with dif-
ferent InAs/AlISb superlattice designs. As shown in Fig. 4.4, changing the constituent
layer thicknesses of the superlattice from 27 A/27 A to 10 A/20 A led to markedly
different I-V characteristics. The improvement from the short period superlattice can
be understood by examining Fig. 3.3, which shows the calculated variation of the
superlattice bandgap and the band overlap between the superlattice and GaSb as a

function of superlattice period thickness.
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Figure 4.3:  Current-voltage characteristics of avalanche photodiodes with

Al 04Gag.geSb gain layer and 27 A / 27 A InAs /AISb superlattice grown under differ-
ent conditions.

As illustrated in Fig. 4.5, a decrease in the InAs layer thickness leads to narrowing
of the electron quantum well and stronger carrier confinement, causing an upward
shift in the electron energy level and the conduction band edge. This results in a
larger energy gap for the InAs/AlSb superlattice and more band overlap between the
n-type superlattice and the multiplication layer. The latter is especially significant
since much of the tunneling current originates from the pn heterojunction where
the effective bandgap is the smallest in the entire structure. For the 27 A/27 A
superlattice, the band overlap at the heterojunction is only 0.3 eV, whereas the 10
A/ 20 A structure has a band overlap of 0.58 eV. Using a simplistic model for the

tunnel current

I < exp(—E/KT) (4.1)
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Figure 4.4:  Current-voltage characteristics of avalanche photodiodes with

Alg04GaggeSh gain layer and 10 A/ 20 A, InAs/AlSb superlattice.

where E is the tunnel barrier (band overlap) and kT is the room temperature thermal
energy (25 meV), one concludes that a 0.28 eV change in band overlap should reduce
the tunnel current by a factor of 10* to 10°. As shown in Fig. 4.4, this is roughly
what was observed.

Note that the InAs layer thickness has a much stronger effect on the conduction
band edge and the superlattice bandgap than the AISb layer thickness. This is due
to the much deeper electron quantum wells from the larger conduction band offset
between AlSb and InAs (see Fig. 1.1). The shallow hole confinement means that
variations in AISb layer thickness do not significantly alter the valence band edge and

the superlattice bandgap.
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Figure 4.5: Effect of superlattice period on the band alignment between n-type
InAs/AlSb superlattice and the Alg04GaggsSb multiplication layer.

4.4 Optimization of InAs/AlSb Superlattice De-
sign

Despite the reduced dark current, the 10 A /20A, InAs /AlISb superlattice retained the
exponential reverse I-V behavior characteristic of tunneling. The bulk nature of the
dark current was confirmed by scaling studies and the fact that additional processing
only has a weak effect on dark current. Moreover, it can be seen from Fig. 4.4 that
the forward conduction of the short period superlattice sample was reduced due to
the larger superlattice bandgap and Schottky barrier height at the surface.

To further reduce the bulk tunneling current and improve the Schottky contact
to the n-type superlattice, an optimized design employing three stages of superlattice
was adapted. As shown in Fig. 4.6(a), the multiplication layer was interfaced to a 5
A/10 A, InAs/AISb superlattice to maximize the band overlap at the heterojunction

and reduce the tunneling current. Due to the extreme short superlattice period and
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Device is shown under reverse
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the large number of interfaces, the overall thickness of the stage was limited to 300
A so that good crystal quality was maintained for growth of subsequent layers. The
second stage consisted of 0.2 um of 10 A/20 A, InAs /AISb superlattice and served as
the transition layer. This was followed by a 0.1 um thick, 27 A/27 A layer with the
narrow bandgap necessary for improving contact characteristics at the surface. The
X-ray scan of one such structure is shown in Fig. 4.6(b). The high crystal quality of
growth was evidenced by the presence of satellite diffraction peaks of the second and

third InAs/AlSb superlattice stages.
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Figure 4.7:  Current-voltage characteristics of avalanche photodiodes with

Alp 04Gag g6Sb gain layer and optimized n-type InAs/AlSb superlattice.

The I-V characteristic of the structure is shown in Fig. 4.7, where previous results
are also plotted for comparison. It can be seen that the device was more conductive
under forward bias due to the smaller bandgap of the 27 A /27 A superlattice contact
layer. The short period superlattice at the interface resulted in a 0.7 eV band overlap
with the multiplication region. And the dark current was reduced by another two

order of magnitude over the previous iteration due to the 0.12 eV increase in band
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overlap. At a reverse bias greater than 10 V, rapid current increase characteristic of
avalanching action could be observed. A breakdown voltage of 13 V was consistently

obtained and very close to the predicted avalanche break down value of 14 V.
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Figure 4.8: Low temperature reverse break down characteristics of avalanche photo-
diode with Alp04GaggsSb gain layer and optimized n-type InAs/AlSb superlattice.

To verify the avalanche nature of the break down, I-V data were taken at liquid
nitrogen temperatures. As shown in Fig. 4.8, the avalanche onset voltage, i.e. the
voltage at which the slope of the I-V curve began to steepen, occurred at a lower bias

due to reduced phonon scattering at low temperatures.

4.5 Results from Bulk Alj¢.GageSb Devices

By adapting the optimized, three stage design for the InAs/AlSb superlattice, the
dark current in bulk AlpgsGagesShb devices was reduced to a low enough level for

direct study of avalanche characteristics. The photo gain, associated dark current,
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and ionization characteristics of the working device were henceforth measured by

using the optical fiber setup described in Section 3.5.

4.5.1 Photo Response Unity Gain Correction

Figure 4.9 shows the unprocessed photo gain data. The 1740 nm photo gain curve

was nearly identical to the 1645 nm curve and is not shown here to reduce clutter.

The quantum efficiencies for 781 nm, 1645 nm and 1740 nm light were 16%, 10%, and

5% respectively. It can be seen that the quantum efficiency rose slowly as the bias

was increased. The effect was most pronounced for 781 nm light and resulted in an

inflexion point in the photo gain curve at about 2 V. The drift in quantum efficiency

with bias must be carefully corrected if the true avalanche gain is to be measured.
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Figure 4.9: Photo response of the Algg4GaggeSb gain layer device without correction.
The curves are fitted at low bias to correct for changes in quantum efficiency with

device bias.

Since the 781 nm light was absorbed in the heavily doped n-type InAs/AlISb
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superlattice, the increase of quantum efficiency with bias could not be attributed to
the bias dependence of the depletion width. The junction depletion width on the
n side was no more than several hundred A even at break down voltages. Given
an overall thickness of 0.3 um for the n-type layer and an absorption length on the
order of 0.1 pm, most of the 781 nm light was absorbed near the surface and the
slight variation in junction depletion width should have negligible effect on collection
efficiency. Instead we attribute this effect to band discontinuity in the InAs/AlISb
superlattice. Asshown in Fig. 4.6(a), band bending from heavy doping and the multi-
stage design of the n-type superlattice resulted in hole barriers in the valance band
even though most of the band offset occurred in the conduction band. Such barrier
induced light injection inefficiency was even more severe in devices with GaSb/AISb
superlattice multiplication layers as will be discussed in Section 4.6.2. To correct for
this effect, the photo gain curve around the inflexion point was fitted to a straight line,
which was extended to higher bias regions and taken as the unity gain background.
For 1645 nm and 1740 nm light, the drift in quantum efficiency entailed a differ-
ent mechanism. Since the long wavelength photons were absorbed in the underlying
p-type GaSb buffer layer, the photo-generated electrons must diffuse across the un-
depleted region of the multiplication layer to be collected. The quantum efficiency
varied with bias because the depletion width (and hence the length of the undepleted
section) in the lightly doped multiplication region was a strong function of voltage.
According to Woods et al. [3],the collected current should vary with voltage according

to

_ 9Go
I= cosh(Lo — W) /L) (42)

where Ly, is the diffusion length for holes in Algp4GagesSh, Gy is the clearing rate
of holes at the hetero interface, Ly is the width of the AlggsGaggsSb multiplication
layer and W is the depletion layer width. The fitted unity gain curve is illustrated in

Fig. 4.9 and can be seen to differ only slightly from the straight line fit. For simplicity
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and consistency, the straight line fit was again adapted here.

4.5.2 Photo Gain and Dark Current Characteristics

The corrected near-infrared photo gain curve for the device is shown in Fig. 4.10
along with the device dark current characteristics. Maximum gains as high as 30
were observed. The dark current density was typically 6 A/cm? at a more moderate
gain of 10.

At low bias, the dark current can be seen to increase exponentially with voltage,
indicating that tunneling mechanism was at work. At high bias, the dark current rose
faster and deviated from the exponential curve. However, the exponential behavior
was recovered when the unmultiplied dark current (dark current divided by the photo
gain, dashed line in Fig. 4.10(a)) was plotted. This indicates that the reverse leakage
at high bias underwent multiplication and must be due to bulk tunneling rather than
surface leakage. As shown in Fig. 4.10(b), the additional exponential contribution
from tunneling caused the dark current to rise at a faster rate than the photo gain.
These observations were supported by scaling I-V scaling studies where the dark
current was found to scale with the device area (Fig. 4.14(a)). Thus we conclude that
the relative high levels of dark current were due to tunneling from the small bandgap

of the Alyo4GaggsSb multiplication layer and were inherent to the bulk device.

4.5.3 Impact Ionization Rates

The ionization rates of the electrons and holes in the bulk gain layer device were
measured by using the two wavelength photo injection scheme described in Section 3.5.
Figure 4.11(a) shows the experimental photo gains curves for 781 nm and 1645 nm
light. The data have been corrected for bias-induced variation in unity gain. If
we assume that pure holes were injected from 781 nm light illumination and pure
electrons were injected from 1645 nm light illumination, the electron and hole impact

lonization rates can be derived from these curves by using the formulas:
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B(E) = B~ ST gy + olB) (4.)

where a(E) and 3(E) are the electron and hole impact ionization rates, M,(V) and
M, (V') the photo gain at bias V for electron and hole injection, and E the maximum
electric field in the abrupt pn junction at bias V [4]. These equations were derived
by assuming the field profile of a one sided, abrupt, p~n™ junction without punch
through, which implies that the depletion width is always smaller than the p~ layer
thickness and does not extend into the p*™ contact layer at high reverse bias.

The calculated ionization rates are shown in Fig. 4.11(b) and can be seen to follow
the general o, 5 = exp(—a/bE) behavior. This is the expected field dependence for
impact ionization rates at high field conditions [5]. However, the opening between
the electron and hole ionizations curves was smaller than expected and the measured
hole ionization rates were only slightly higher than those of electrons.

There are two explanations for this result. The first possibility is that the long
wavelength photons were partially absorbed by the Alj04GagesSb multiplication layer
or the InAs layers in the n-type superlattice and pure electron injection was not
achieved. As shown in Fig. 4.12, under high field conditions, a semiconductor can
absorb photons that fall within its bandgap due to the Franz-Keldysh effect [6]. Since
the 1645 nm (0.74 eV) and 1740 nm (0.72 eV) photons have energies just below the
bandgap of the Alj4GagosSb multiplication layer (0.75 eV), partial absorption in
the multiplication layer was likely to be important. A second possibility is that
quantum efficiency increased more rapidly with bias than was accounted for by the
linear correction for unity gain. This was evidenced by the fact that the two corrected

photo gain curves in Fig. 4.11(a) lied on top of each other before reaching a nominal
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gain of 2. The observed gain before this point may be due to an increase in quantum

efficiency.

Low Field, hv<E, High Field, hv<E, hv>E,

Figure 4.12: Franz-Keldysh absorption of photons by semiconductors. Absorption
in the bandgap is possible due to overlapping of wave functions under high field
conditions [6].

Despite these short comings, the photo gain curves in Fig. 4.11(a) were consistent
with hole ionization enhancement since hole injection always yielded higher photo
gains. This result was obtained from a large number of devices under different ex-
perimental conditions and can be regarded as partial confirmation of hole ionization

enhancement in Alyg1GaggeSb.

4.6 Results from Superlattice Devices

Following study of avalanche photodiodes with bulk Al sGaggsSb gain layer, devices
with superlattice gain regions were fabricated and characterized by using the same
methodology. The superlattice multiplication region consisted of 10 periods of alter-
nate GaSb and AlSb layers 300 A in thickness. The overall thickness of 0.6 pm for the
gain layer was the same as the bulk device and enabled direct comparisons between

the two types of devices. The optimized, three stage InAs/AISb superlattice n-type
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layer which resulted in low dark current and improved contact resistance for the bulk

device was also adapted in the superlattice device.

4.6.1 Photo Gain and Dark Current Characteristics

The near infrared photo gain and dark current characteristics of the superlattice gain
layer device are shown in Fig. 4.13. The device yielded an avalanche break down
voltage of 18.5 V, which was higher than its bulk counterpart due to the presence
of additional AlSb barriers in the gain region. Since long wavelength photons were
absorbed by GaSb layers in the superlattice gain region, the two wavelength scheme
for measuring impact ionization rates could not be applied. Illuminations by the
781 nm, 1645 nm, and 1740 nm lasers all resulted in hole injection and there was
little difference between the photo gain curves except for the quantum efficiency
achieved (20%, 5% and 3% at unity gain, respectively). Comparing Fig. 4.13(a) to
Fig. 4.10(a) reveals that the avalanche characteristics were much more pronounced for
the superlattice device. As shown in Fig. 4.13, gain factors up to 300 were observed
in the near infrared for the superlattice device. At a gain factor of 10, the dark
current for the 37 um device was 8 pA, which was an order of magnitude lower
than in bulk Al o4GaggeSb devices and comparable to InGaAs/InAlAs superlattice
avalanche photodiodes of similar design [7].

Further examination of the superlattice gain layer characteristics reveals more
subtle differences. In contrast to the bulk device, Figure 4.13(b) shows that the
superlattice dark current increased slower than the photo gain in the avalanche region.
In fact, the un-multiplied dark current stayed constant or decreased with voltage at
high bias (dashed line in Fig. 4.13(a)). This indicated that much of the dark current
did not undergo multiplication and must be from surface leakage. This suggested
that bulk tunneling current had been suppressed due to the presence of AISb barriers
in the superlattice gain region.

The comparative merits of the superlattice and bulk gain layer devices are best

illustrated in Fig. 4.14, which plots on a log-log scale the leakage currents for both
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types devices against device mesa size at different voltages. The slope of the curve
indicated whether the leakage current scaled with device area or perimeter, and can
be viewed as an index on the relative importance of bulk and surface leakage current.
It can be seen that bulk tunneling current is significant in Alyg4sGag 96Sh devices due
to the smaller bandgap of the multiplication layer. The superlattice dark current
was much lower and varied linearly with device size until the very onset of avalanche
break down. The surface character of the observed dark current implies that the
fundamental limit in leakage suppression was not yet reached. With better process-
ing and passivation techniques, the surface leakage can be readily reduced and the

superlattice device performance further improved.

4.6.2 Quantum Efficiency at Low Bias

The superlattice gain layer exhibited quantum efficiency characteristics significantly
different from its bulk counterpart. There was a strong dependence of collection ef-
ficiency on device bias at low voltages due to the presence of AlSb barriers in the
multiplication region. As shown in Fig. 4.15, a bias as high as 10 V was needed to
overcome the barrier and reach unity gain. This effect was similar to the heterostruc-
ture induced injection inefficiency for 781 nm light as discussed in Section 4.5.1. Tt
is much more pronounced here because the carriers can become trapped in GaSb
quantum wells and the band alignment in the multiplication region has a stronger
dependence on voltage due to its low background doping level.

The carrier trapping effect also resulted in variations in quantum efficiency and
photo gain with light intensity. As illustrated in Fig. 4.15, a higher reverse bias was
needed to achieve the same quantum efficiency as the input light intensity was in-
creased. The apparent photo gain also decreased when the device was under stronger
illumination. This is because the photo-generated electrons and holes drifted in differ-
ent directions and can become partially trapped in GaSb quantum wells at opposite
ends of the multiplication region. The accumulation of these carriers tended to screen

the applied electric field and reduce the carrier ionization rates, resulting in smaller
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Figure 4.15: Photo response of the GaSb/AlSb superlattice avalanche photodiode at
different light intensity levels. The data was obtained by using a 1645 nm laser light.
Similar results were obtained from 781 nm and 1740 nm light sources.

photo gains at higher input light intensity [8].

It should also be mentioned that a small negative resistance region was observed
in the photo gain curve at low levels of light injection. The resulting peak in photo
gain curve became less prominent and shifted to a higher voltage when the input

light intensity was increased. An explanation does not yet exist for this interesting

phenomenon.

4.7 Summary and Conclusion

In summary, we have demonstrated antimonide avalanche photodiodes with sensi-
tivity in the near infrared out to 1.74 pum. Devices with bulk Algg,GagesSb and

GaSb/AISb superlattice gain layers were both realized in a MBE grown structure
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with a selectively doped, InAs/AlISb superlattice as the n-type layer. The avalanche
photodiode dark current was found to critically depend on the n-type superlattice
design and the resulting band offset at the p~n™ heterojunction. Early efforts were
plagued by large tunneling current due the small band overlap between the n-type
superlattice and the multiplication layer. This was remedied by using a InAs/AISb
superlattice with a three stage design which led to substantial improvements in device
dark current and contact characteristics.

The ionization coefficients of the Al g4 GaggsSb gain layers were measured by using
a two wavelength photo response setup. The result was consistent with hole impact
ionization enhancement as was predicted by the spin-orbit split-off band resonance
argument. However, the ionization measurement was to a certain extent compromised
due to possible mixing of carrier injection and bias-induced quantum efficiency effect.
Moreover, the Alg4GaggsSh gain layer device exhibited a relative high level of dark
current which tended to negate the detector sensitivity advantage gained from impact
ionization enhancement. The results of the ionization and dark current study leads to
the conclusion that hole ionization enhancement from spin-orbit split-off band reso-
nance in Aly 04Gag.gSb will be of only limited use because a high level of dark current
is inherently associated with the narrow bandgap of the Al ¢4GaggsSb multiplication
layer.

Impact ionization rates in GaSb/AISb superlattice gain layer devices were not
measured due to absorption of long wavelength light by GaSb layers in the gain region
and variation of photo gain with illumination intensity. However, the superlattice
gain layers resulted in devices with much lower dark current and more pronounced
avalanche characteristics. The observed dark current was due to surface leakage and
can be readily improved from better processing and passivation. The superlattice
multiplication layer was found to be more promising than its bulk counterpart because
tunneling current is readily suppressed by barriers in the gain region while impact

ionization may still be enhanced by separate band offset adjustment.
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Chapter 5 Tunnel Switch Diodes Based
on AlSb/GaSb Heterojunctions

5.1 Introduction to Chapter

The second device investigated in this thesis is a tunnel switch diode (T'SD) based
on AlSb/GaSb heterojunctions. This chapter describes the design, growth, and char-
acterization process which resulted in the first such device in the antimonide system.
The device current-voltage characteristics and the effect of current stressing are ex-
amined in detail in order to deduce the TSD switching mechanism. These results are
correlated with drift diffusion simulations which have been modified to account for

the presence of a tunneling contact.

5.2 Motivation and Background

The tunnel switch diode, also known as the metal insulator semiconductor switch
(MISS) [1] or controlled inversion device (CID) [2], was first discovered by Yamamoto
while studying the properties of metal/SiOs/n-Silicon/p-Silicon structures [3]. As
shown in Fig 5.1, the device is characterized by a “S” shaped current-voltage (I-
V) curve with a negative differential resistance (NDR) region much like that of a
thyristor. It was found that the TSD can be switched between the high and low
impedance branches of the I-V curve very rapidly. Switching times of less than 2 ns
were obtained for large area devices [4].

Following the initial discovery, silicon TSD devices with tunnel barriers consisting
of SiC [5], plolysilicon [6], amorphous silicon [7] and Ge [8] were also fabricated. The
device has found unique applications in circuit design due to its large non-linearity,

inherent speed, and integration capability which arises from its vertical structure. For
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Figure 5.1: Thyristor like, “S” shaped I-V curve of a tunnel switch diode.

example, a static random access memory (SRAM) cell has been constructed from a
single TSD element in the Si system [9]. Compared to rival conventional designs which
require six transistors, the TSD-SRAM is both more compact due to its structural
simplicity and faster because of the tunneling nature of the switching process.
There is much interest in an all antimonide TSD because such a device forms
the much desired complement to the existing resonant interband tunneling diode
(RTD) [11]. The “S” shaped I-V curve of the TSD is symmetrically opposed to the
“N” shaped I-V curve of the RIT, and the two devices are in fact circuit duals of each
other. The addition of a device with thyristor-like negative differential resistance will
undoubtly bring more functionality to the burgeoning RIT-based antimonide high
speed circuits [12]. From a scientific standpoint, the antimonide version of the device

should advance understanding of TSD operation through another case study. The
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role of the oxide tunneling barrier is not well understood in the Si device [13]. By
replacing it with AlSb, which has a different barrier height and may have deep levels
within its bandgap, more experimental evidence will be collected to shed light on the

role of the barrier in TSD switching.

5.3 Tunnel Switch Diode Theory and Design

The tunnel switch diode structure generally consists of a tunnel barrier in series with
a pn junction. As shown in Fig. 5.2, the antimonide implementation employs an
AlISb barrier and a GaSb pn junction. For the pn junction polarity shown, the device
is reverse biased when a negative voltage is applied to the AlSb barrier (not shown
here). In this state, most of the bias is dropped across the pn junction and the device
I-V characteristics follows that of a reverse biased pn diode.

When a small positive voltage is applied to the AISb barrier, the device enters
a high impedance state with most of the voltage dropped across the p-type GaSb
epilayer. If the AISb tunnel barrier is of the right thickness, electrons will partially
accumulate in the p-GaSb layer and cause it to enter deep depletion (band diagram
(a) in Fig. 5.2). The current in this high impedance state is due to generation in the
p-GaSh layer. Hence it is proportional to the width of the depletion region and the
square root of the applied bias.

As the voltage further increases, the device can be switched to the low impedance
state in a number of ways. In the so called “punch through” mode of operation,
the depletion region in p-GaSbh extends deeper into the epilayer until it reaches the
buried pn junction. Further bias causes the pn junction to be turned on, flooding the
p-GaSh layer with electrons. If the AISb tunnel barrier is not too thin, the electrons
will accumulate near the interface between the p-GaSb and AISb layers and create an
inversion layer. The resulting high charge density at the interface is able to support a
large electric field across the AISb barrier, causing the tunneling current to increase.
This results in high levels of hole injection which pulls down the hole Fermi level in

p-GaSb and turns on the pn junction even more. This positive feedback mechanism
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Figure 5.2: Band diagrams of an antimonide TSD under forward bias. (a) High
impedance state with deep depletion in the p-GaSb epilayer. (b) Low impedance
state with the pn junction turned on and most of the bias dropped across the AISb
barrier. The energy scale of the high and low impedance states are shifted for clarity.

continues until the device is switched into the low impedance state (band diagram
(b) in Fig. 5.2). Since this process is initiate by “punching through” of the p-GaSh
depletion layer to the buried pn junction, the switching voltage is given by the voltage

required to deplete the entire p-GaSb layer:
szitch - ch<w - wo>2/25GaSb (51)

where q is the electronic charge, w, is the zero bias depletion width of the pn junction,
and N, w, and egqsp are the doping density, width, and dielectric constant of the p-

GaSb epilayer, respectively [1].
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If the doping level in the p-GaSb layer is sufficiently high, the electric field in the
p-GaSb depletion layer may become large enough for avalanche processes to become
significant before “punch through” occurs [1]. The avalanche action will cause elec-
trons to accumulate at the p-GaSb/AlSb interface and start the same chain of events
that lead to switching. The switching voltage for this avalanche induced process is

given by
Vewiten = 60(E,/1.1)*(Np /10%) 7%/ (5.2)

where L, is the room temperature bandgap in eV, and Ng is the background doping
in cm™3 [14].

A third possibility for switching exists when the metal electrode Fermi level goes
below the p-GaSb valence band edge, allowing large hole currents to tunnel into the
p-GaSb layer and turn on the buried pn junction [9]. This tends to occur for thick
barriers with relatively strong electron accumulation at the AlSb/p-GaSb interface.
In this case, a significant portion of the bias is dropped across the barrier in the high
impedance state.

As shown by the band diagram (b) in Fig. 5.2, once in the low impedance state,
most of the bias is dropped across the AlSb barrier and the device I-V characteristics
assume the exponential behavior of a tunnel barrier. The low impedance state is
sustained as long as there is enough electron current to support the inversion layer at
the GaSh/AISb interface and maintain the large bias drop across the tunnel barrier,
or as long as there is enough hole tunneling into the p-GaSb layer to keep the pn
junction forward biased. If these currents become low enough to be consumed by
recombination at the pn junction, the device switches back to the high impedance
state.

From the above discussion, it should be apparent that the tunnel barrier plays a
critical role in the TSD switching action. In order for switching to occur, the tunnel
barrier must have the right barrier height and thickness. If the barrier height is too

low or the barrier is too thin. electrons will leak through and not accumulate at the
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p-layer /barrier interface. Without a depletion region in the p-layer, the potential
energy of the p-GaSb layer will follow that of the surface electrode. This means that
the device will assume the highly conductive characteristics of a forward biased pn
junction and will always be in a low impedance state (the pn junction is the conduction
bottle neck here due to the ineffectiveness of the tunnel barrier). If the barrier height
is too large or the barrier is too thick, the carriers are effectively blocked and there is
no place for the accumulated electrons to escape. This will cause the surface of the
p-type layer to invert and screen the field from the metal electrode. In this case, most
of the bias falls across the barrier instead of the depletion region in the p-type layer.
Since the barrier is not very conductive, the device is stuck in a high impedance state.

For Si devices, switching was obtained for oxide barriers with thicknesses that
ranged from 15 A to 40 A [15, 16]. The AISb barrier in the antimonide device is
typically much thicker (greater than 100 A) due to its smaller barrier height. To
maximize the AISb barrier height, the polarity of the pn junction is chosen such that
the AISb layer partially blocks the electron flow in the high impedance state. This is
the desired configuration because AlISb is a more effective barrier for electrons than
holes, i.e. the conduction band offset between AISb and GaSb is 1.15 €V at the I
point and 0.55 eV at the X point valley, which is larger than the valance band offset
of 0.4 eV between these materials.

The typical structure of the antimonide TSD is shown in Fig. 5.2. Different
devices were fabricated to study the structural dependence of device characteristics
and deduce the TSD switching mechanism. As listed in Table 5.1, the AISb barrier
was varied from 100 A to 500 A to delineate its effect on switching. Since the p-type
GaSb epilayer was unintentionally doped, the devices were expected to operate in
the punch through mode with a switching voltage strongly dependent on the epilayer
thickness. Hence the p-type GaSb layer thickness was varied among 100 A AlSb

samples to confirm this effect.
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5.4 Growth and Fabrication

The antimonide tunnel switch diodes were grown by molecular beam epitaxy on Te
doped (n=1x10'/cm?) wafers. Due to the lack of a suitable n-type dopant, the GaSb
pn junction was formed at the substrate surface by depositing an unintentionally
doped p-type GaSb buffer layer (p=5x10'%/cm?). To improve the quality of the pn
junction, the substrate was etched and thoroughly heated for oxide desorption prior to
buffer layer growth. Note that the superlattice doping scheme described in Chapter 3
could not be applied here because the n-type superlattice could not be grown directly
onto the substrate. The GaSb buffer layer constituted the p-type epilayer in the
device and was grown at a substrate temperature of 520 °C. The AISb barriers were
grown at a slightly higher temperature, and a 30 second Sb soak was applied at the
GaSb/AlSb interface to smooth out the growth front. At the end of the growth, the

structure was capped by a 50 A GaSb layer to prevent oxidation of the AISb barrier.
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Figure 5.3: X-ray diffraction scan of an antimonide TSD structure.

Figure 5.3 shows the high resolution X-ray diffraction scan of a typical structure.
The high quality of the growth was evidenced by the narrow full width at half maxi-

mum (FWHM) of 18 arc seconds for the GaSb epitaxial layer and the close agreement
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between the experimental data and the simulated curve.

Following growth, the wafers were metallized ez situ with Au in a sputter deposi-
tion tool. Indium left over from the growth served as the back contact. Device mesas
were defined by standard photolithography and ranged in size from 38 pm to 200
pm. Chlorine assisted dry etching was used as the final etch down and yielded highly

reproducible surfaces with few etch defects.

5.5 Characterization Results

The TSD devices were characterized by using the HP 4156 semiconductor parameter
analyzer. To accommodate the “S” shaped negative differential resistance region in
the I-V curve, the analyzer was run in the current sweep mode instead of the usual
voltage sweep mode. This prevented dramatic swings in device current from the
switching action and allowed recording of the full I-V curve in one sweep. The main
results of the characterization study are summarized in Table 5.1, which shows the
structural dependence of T'SD operation and the effect of current stressing on TSD

switching.

Table 5.1: Antimonide TSD structures fabricated and the observed switching char-
acteristics. Device size was 67 pm.

Device configuration | Switching voltage and current

AlSb | p-GaSh Initial values After stressing

barrier | epilayer

100 A | 0.2 ym 2.3 V/2.0 mA | 1.2 V/1.0 mA
(unstable)

100 A | 0.4 ym 35V/3.0mA |12V/L.0 mA

100 A | 0.6 um 30V/21mA | 1.3V/0.2 mA

200 A | 0.6 um 31V/1.8mA | 1.2V/0.3 mA

300 A | 0.6 um no switching observed

500 A | 0.6 um no switching observed
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5.5.1 Effect of Barrier and Epilayer Thickness on Switching

As listed in Table 5.1, switching behavior was obtained for all devices with 100 A and

200 A AISb barrier thicknesses. The typical I-V curve of a switching device is shown
in Fig. 5.4.
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Figure 5.4: Typical I-V characteristics of antimonide TSD’s.

It can be seen that the reverse current of the device was large and varied expo-
nentially with voltage, indicating that tunneling through the buried pn junction was
significant. The less than ideal quality of the pn junction was expected since it was
formed at the substrate surface.

In the forward direction, switching from the high impedance state to the low
impedance state occurred at voltages from 2.3 V to 3.5 V. The switching current
densities ranged from 10 A /cm? to 300 A/cm?, and did not change appreciably when
the AISb barrier thickness was increased from 100 A to 200 A for 0.6 um epilayer
samples. This did not agree with the model established by Simmons et al., which
predicts lower switching currents for thick tunneling barriers [15]. Similar insensitivity

of switching current to barrier thickness has also been observed in Si devices [16].
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Figure 5.5: Effect of p-GaSb epilayer thickness on TSD switching voltage.

Figure 5.5 shows the observed dependence of switching voltage on p-GaSb epilayer
thickness for 100 A AlSb barrier samples. The predicted results from the punch-
through model are also plotted in the same figure for comparison. It can be seen
that the switching voltage was relatively independent of epilayer thickness and did
not follow the predicted trend of the punch-through model. This is a surprising result
because the device was expected to work in the punch-through mode due to the low
background doping level of the p-GaSb epilayer. The switching could not be from
the avalanche initiated process because it would have required a switching voltage
of at least 10 V according to equation 5.2. This leaves the distinct possibility that
the switching action was initiated by holes that tunnel across the AISb barrier as the
Fermi level in the metal electrode drops below the valence band edge of the p-GaSbh

layer. This is a plausible scenario for antimonide TSD’s because of two factors:

1. The AISb barriers were relatively thick and may support strong accumulation
of elections at the GaSb/AISb interface. This means that the field in the AlSb

barrier can be fairly large and a significant amount of bias was dropped across
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the barrier in the high impedance state, pulling the electrode Fermi level down

with respect to the p-GaSb valence band edge.

2. The GaSb bandgap is smaller than the Si bandgap and it takes a smaller bias
drop across the AlSb barrier to shift the Fermi level of the metal electrode to

below the p-GaSb valence band edge.

The experimental evidence which may counter this hypothesis is that the switching
voltage did not change much as the AlSb barrier thickness was increased from 100 A
to 200 A. However, this may be explained by the fact that a larger bias was dropped
across the thicker barrier due to stronger electron accumulation at the AlSb/GaSbh

interface.
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Figure 5.6: I-V characteristics and break down behavior of devices with thick AISb
barriers.

When the AISb barrier was increase to beyond 300 A, no switching was observed.
As shown in Fig. 5.6, the device instead remained in a high impedance state until

it physically broke down at a voltage of 5 to 7 volts. The post break down I-V
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characteristics were pn diode like, indicating that the break down occurred in the
AlSb barrier. This was as expected since most the bias was dropped across the

barrier in the high impedance state of thick barrier devices.

5.5.2 Effect of Current Stress and Dual Mode Switching Be-

havior

In Si TSD studies, it was observed that the low impedance branch of the I-V curve
shifted slightly upward when the device was current stressed [16]. As shown in Fig. 5.7,
similar behavior was observed for the antimonide device. There was a visible shift in
the low impedance branch as the device current was increased. The antimonide TSD
physically broke down when the current density reached 10° A /cm?®. Similar to thick
barrier devices, post breakdown I[-V characteristic was pn diode like, indicating that
the break down occured in the AISb layer and most of the bias was dropped across

the barrier in the low impedance state of the switching device.
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Figure 5.7: TSD break down from current stressing.
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Figure 5.8: TSD I-V characteristics before and after current stressing.

For some devices, the switching voltages and currents were drastically modified
following significant current stressing. As listed in Table. 5.1, this was observed
for all device configurations that yielded switching. Figure 5.8 shows the typical
I-V characteristics before and after current stressing. Unlike the gradual “burn in”
process observed in Si devices, the switching voltages of the antimonide device tended
to change abruptly during current stress and clustered around a fixed value (1.2 V).
This is illustrated Fig. 5.9 where the virgin and after stress switching points of a
number of devices are plotted. It is as if there are two low impedance branches
in the I-V curve with two sets of switching voltages and currents. Most switching
devices exhibited the branch with the higher switching voltage and current when first
examined and moved to the other branch following current stressing. However, a
few devices started out on the branch with the lower set of switching voltage and
current. What is most interesting is that it was possible to “hop” the I-V curve from

one low impedance branch to another by increasing the current level in the device.
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The “hopping” action could not be precisely controlled but was reversible, i.e. device
[-V curves were observed to move back and forth between the two low impedance
branches. This is illustrated by the double I-V sweeps in Fig. 5.10 where the current
was swept up to a maximum value and then swept down back to the origin. In
Fig. 5.10(a), the device was in the high branch of the I-V curve on the upward sweep
and was induced to the low branch at a current of 1.5 mA. In Fig. 5.10(b), the device
started out in the low branch on the upward sweep and abruptly moved over to the
high branch when the current reached 7 mA.

The stress induced dual mode switching behavior again pointed towards a TSD
switching process initiated by holes that tunnel across the AlSb barrier. We speculate
that a deep level in AISb was activated and deactivated by the large current and acted
as a sink for the accumulation charge at the AISb/GaSb interface. When the deep
level was activated, charges can build up in the AISb barrier layer, causing the electric
field in the AISb barrier to assume a sharper profile and a larger portion of the applied
bias to drop across the barrier. This will result in a greater shift downward of the
electrode Fermi level relative to the p-GaSb valence band edge, causing a decrease in

the switching voltage.

5.6 Simulations

Since the TSD switching was strongly dependent on the AISb barrier thickness, a
computer model was used to simulate the I-V characteristics of device structures with
different AISb barriers. The simulation was previously developed by E. S. Daniel et
al. for study of Si TSD devices [13, 17]. It was based on the Poisson and the
carrier continuity equations [18] with boundary conditions modified to account for

the tunneling contact, i.e.,

v%-%(n—p-(}) = 0 (5.3)

V-J,+qR(¢,n,p) = 0 (5.5)
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with

= ¢D,Vn — qunnﬁqﬁ (5.6)

—gD,Np — quppV o (5.7)

3

ol
I

where ¢ is the electric potential, n and p are the electron and hole concentrations,
g is the electron charge, € is the semiconductor dielectric constant, C' is the net
concentration of ionized dopants (N — N), J, and j;, are the electron and hole
current densities, R is the net recombination rate, D, and D, are the electron and
hole diffusion constants, and p, and p, are the electron and hole nobilities. The
boundary conditions at the surface of the barrier are determined by the generation-

recombination component and the tunneling current according to

gn g J:L = "qu + Jn calc (58)
577, : j;; = qu + Jp calc (59)

where €, is a unit vector perpendicular to the AlSb/GaSb interface, R is the
generation-recombination rate and J, caic and Jp cqe are the calculated electron and
hole tunneling currents respectively [13].

To reduce the computational load, the equations were first discretized by using
the Scharfetter-Gummel scheme [18, 19, 20] and the resulting set of nonlinear alge-
braic equations were solved iteratively by using the Newton-Raphson method. The
multi-valued nature of the TSD I-V curve contributed much to the complexity of
the simulation. In the negative differential resistance region, the device presented
two stable current values for a fixed voltage, hence the convergence of the simulation
to a particular solution was strongly dependent on the initial condition. The high
impedance branch was obtained by adapting the conventional method where the pre-
vious voltage solution was the starting iteration point for the present voltage. The
low impedance state was accessed by using a higher carrier life time, which favored

diffusion of electrons from the substrate through the pn junction up to the barrier.
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Figure 5.11: Simulated characteristics for TSD devices with 0.6 um p-GaSb epilayer
and different AISb thicknesses. Bistable states were obtained for 100 A and 200 A
barrier thicknesses.

The carrier life time was relaxed back to its original value once the solution converged
towards a point on the low impedance branch. This point was subsequently used as
the starting point to iteratively generate the rest of the low impedance branch.

Figure 5.11 shows the simulated I-V characteristics of TSD devices with AlSb
barriers ranging from 50 A to 500 A. It can be seen that only the low impedance
state existed for the 50 A AlSb barrier device whereas the 500 A barrier device
yielded only the high impedance state. Dual impedance state behavior was obtained
for AISb barrier thicknesses of 100 A and 200 A, which agreed with experimental
findings.
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5.7 Summary and Conclusion

The main achievement in this section is the first time fabrication of a tunnel switch
diode in the antimonide system. Successful TSD operation was found to depend
critically on the AISb barrier thickness. Thyristor like, “S” shaped I-V curves were
obtained for structures with AlSb barriers less than 300 A thick, as was predicted
by the drift diffusion simulation model. The switching voltage and currents of the
working devices had a weak dependence on the barrier and epilayer thickness and
did not agree with the punch-through or avalanche model of operation. Based on
the experimental observations, we propose that switching in the antimonide device is
initiated by holes that tunnel across the AISb barrier as the Fermi level in the metal
electrode drops below the valence band edge of the p-GaSb epilayer. This switching
mechanism differs from that of the Si device and is a result of the thicker tunnel
barrier and narrower bandgap of the epilayer employed in the antimonide device.
Due to the relative novelty of the TSD device and the immaturity of the anti-
monide materials, the new device exhibited a number of unexpected behaviors. It
was found that the [-V curves can be significantly altered by current stressing. There
appeared to be two branches of the low impedance states with well defined switching
voltages. The device can “hop” between the two sets of I-V curves when subjected to
high levels of current stress. We speculate that this was due to charging and discharg-
ing of a deep level in the AlSb barrier. Such non-idealities indicate the importance of
developing a better understanding of the AlSb barrier and the AlSb/GaSb interface

as well as the need for high quality antimonide heterostructures.
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Chapter 6 Ballistic Electron Emission
Microscopy Theory and Experiment

6.1 Introduction to Chapter

It should be apparent from Part I of this thesis that band offsets and the inter-
face properties of heterostructures play important roles in device research. In the
avalanche photodiode work, the band offset at the pn interface was critical to dark
current suppression. In the antimonide TSD work, device switching was strongly in-
fluenced by the band structure of AISb barrier and surface states at the AlISb/GaSb
interface. These critical properties are usually obtained from characterization tech-
niques such as X-ray photo electron spectroscopy (XPS), photo electric, I-V, and C-V
measurements. The drawback of these conventional approaches is that the results are
laterally averaged over the whole interface or at least over macroscopic dimensions
of more than a few pm. In Part II of this thesis, we describe local probing of inter-
face properties by using ballistic electron emission microscopy (BEEM). This chapter
serves as a short introduction and covers the basic theory and some important exper-
imental issues relevant to the BEEM technique. The BEEM experimental apparatus

used for subsequent study is also described.

6.2 BEEM Theory

6.2.1 Basic Operation of BEEM

The basic operation of BEEM is illustrated in Fig. 6.1. It is a three terminal technique
based on the scanning tunneling microscopy (STM) setup [1, 2]. BEEM samples

typically consist of a thin conductive layer, known as the base layer, on top of a
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Figure 6.1: Basic operation of BEEM.

semiconductor of interest. The tip and base terminals support STM tunnel current
while a new collector terminal at the back of the sample collects elections that leak
into the semiconductor. At low tip bias, no BEEM collector current is observed
because electrons injected from the tip do not have enough energy to overcome the
potential barrier at the base collector interface. As the tunneling voltage increases
and the STM tip potential rises above the conduction band edge of the underlying
semiconductor, electrons can travel ballistically across the thin base region and enter

the semiconductor unimpeded, giving rise to a BEEM collector signal.
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The BEEM technique can be used to characterize samples in two ways: if the tip
is held at a high enough bias for hot electron injection into the semiconductor, an
image of the buried interface can be acquired from the BEEM collector signal while
the STM image of the surface topography is being generated. Since the collector
signal is dependent on hot electron transport into the underlying semiconductor,
transport non-uniformities at the buried interface is directly imaged. Alternatively,
the transport properties of a local area can be examined in detail by holding the STM
tip stationary and observing the variation in BEEM collector current as the STM tip
voltage is increased. This is known as BEEM spectroscopy. During this process, no
external bias is applied between the collector and base terminals. The STM base
current is also held constant by changing the tip sample separation as the tip bias
is increased, which ensures that any change in the small collector signal reflects hot

carrier injection into the semiconductor and not fluctuations in the large base current.

6.2.2 Parabolic Turn On Model

A model for the basic operation of BEEM has been proposed by Bell and Kaiser [2],
who are the original inventors of the technique. They argued that the transverse
momentum Ay of the electron should be conserved at the base collector interface
in the absence of scattering. As shown in Fig. 6.2, this causes refraction of the
electrons at the base collector interface, which gives rise to a critical angle of entry
for propagation into the semiconductor. At bias voltage V', the maximum kinetic
energy of the incident electron is eV 4 Er in the base layer and reduces to eV — eV}
in the collector layer (Fig. 6.1). Since k is the largest when the transverse component

accounts for all the electron energy in the semiconductor, the maximum transverse

momentum is given by k"** = \/ 2mg(eV — eVp)/h2. This results in a critical angle

of incidence:

(k)2 eV — eV
n2@, = L~ _ D=’ 70 ,
s k2 m eV + Ep (6.1)

Due to the small effective mass mg of the semiconductor and the large Fermi en-
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ergy Ep of the metal base layer, ©. is usually quite small and only electrons with
small transverse momenta in the base may be collected. Thus any scattering in the
base merely reduces the number of electrons collected and does not affect resolution.
This focusing effect is the basis for the high lateral resolution capability of BEEM

imaging (2, 3].

Tip Base Collector
(Metal) (Semiconductor)

Figure 6.2: Conservation of transverse momentum at base collector interface.

The BEEM collector current at a given bias V' can be found by integrating over
electrons with energy higher than the band edge of the semiconductor and transverse
momentum within the maximum allowed by &y conservation [2]. If we assume that
these “hot” electrons follow the Fermi distribution with the Fermi level at V + Ej,
and use a step function to approximate for the Fermi function, the expression for the

BEEM collector current becomes

eV+FEp ‘Eﬁ”“z
L=c[ Tap [ aE (6.2)
Je JO

Vo+Er

where C is a proportionality constant, F) is the transverse component of the electron

hk?

energy given by By = 5L, and £/ = 2 (F — Fp —eV}) from ky conservation. This
f 2m I m i
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simplified integral is easily evaluated and indicates that I. behaves as
m
I, = —=(V = 1})? 6.3
— 0) (6.3)

for voltages just above the turn on threshold Vj.

The parabolic turn on model can be used to extract multiple band edges from
BEEM spectroscopy data. The approach has proved to be successful in a number of
systems including metal on Si [1, 4, 5], GaAs [2, 6, 7], and GaP [8]. Note that for
conduction band minima oriented about an off axis such as the L point in GaAs grown
on (100) substrate, or the X point in Si grown on (111) substrate, the acceptance cone
is centered at a large angle from the normal. Since the tunneling current is sharply
peaked in the forward direction [9] and the acceptance angle is small, no BEEM turn
on should result from these band edges unless there is significant scattering in the
base layer. In reality, parabolic turn on’s due to these off axis band edges can be
observed [5], which indicates that the orientations of the hot electrons in the base
layer are sufficiently randomized due to inelastic scattering [10]. The magnitude of
these turn on’s are reduced compared to the on axis conduction minima since fewer

hot electrons are scattered into the off axis direction.

6.2.3 Sample Requirements

BEEM is a very powerful characterization technique due to its band structure sen-
sitivity and local probing nature. However, In order to measure the minute BEEM
collector signal, the sample must satisfy a number of stringent requirements [11]. This
is illustrated in Fig. 6.3 which shows the band diagram and circuit model of a typical
BEEM sample.

The first constraint is that the base to collector resistance R; must be large, which
is often a problem for narrow bandgap semiconductors with small Schottky barrier
heights or leaky heterostructures. The large resistance is needed to suppress collector
noise current from micro volt fluctuations across the junction. Note that it is the zero

bias resistance that matters because no bias is applied across the junction during
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Figure 6.3: Sample requirement for BEEM [11]. (a) Band diagram. (b) Circuit model.

BEEM operation. In practice, BEEM device mesas are made as small as possible to
increase R;.

The second constraint is that the back contact must be a good ohmic contact.
As shown in Fig. 6.3, the incoming collector current I. may flow to ground via the
base/collector interface (R;) or the back contact (R3). Since only those electrons
flowing through the back contact are detected, the BEEM signal will be reduced or
not even detectable if Rs is too large compared to R;.

These requirement are readily met in Al,Ga,_,As BEEM structures, which are
examined in detail in the next chapter to clarify Al,Ga;_,As band structure ambigu-
ities and verify the effectiveness of the BEEM technique. In Chapter 8, we attempt
to apply BEEM techniques to antimonide structures which only partially satisfy the
constraints outlined above. As will be shown later, this resulted in large noise in the

BEEM signal and more limitations on sample configuration.
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6.3 BEEM Experiment

6.3.1 Apparatus

Z-piezo

Base Contact

ke

Col!eck)r//

e BEEM Current

Figure 6.4: Experimental Setup for BEEM.

The samples in this study were examined by using a BEEM apparatus constructed
by Rob Miles [12]. As shown in Fig. 6.4, the set-up was based on a Digital Instruments
scanning tunneling microscope unit (Nanoscope III) and configured to operate in air
at room temperature. The original microscope head was modified to ground the
connections differently. The STM pre-amplifier had to be rebuilt so that the sample
instead of the tip was grounded. The stock sample mount was also replaced by a
custom made unit. In the new configuration, a fine Au wire was spring mounted
against the top of the sample as the STM base contact. The sample was proxied
to a copper plate via conductive silver paint. Since all BEEM samples were grown
by molecular beam epitaxy on indium bonded blocks, the BEEM back contact was

furnished by the indium on the back side of the sample left over from growth. During
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Figure 6.5: Artifact in BEEM image due to high scan speed.

operation, the BEEM collector current was first converted to voltage by a Keithley
427 picoammeter before being fed to the stock digital signal processing unit. Digital
Instrument software was used to analyze the data and maintain control of the STM

head.

6.3.2 Experimental Issues

When using the setup for BEEM imaging, it was critical to use a very low scan
speed. If the scan speed is too high, the STM tip will be momentarily too close to
the sample when the sample surface changes abruptly, resulting in a large BEEM
signal. This is illustrated in Fig. 6.5, where BEEM image can be scen to echo the
grain boundaries in the corresponding STM image. Such close correlation between
the surface morphology and the measured signal is a tell tale sign of imaging artifact
in scanning probe microscopy. To reduce this effect, it is important to have samples

with a relatively smooth surface and lower the scan rate as much as possible.
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During BEEM spectroscopy, the STM tip is parked at one location on the sample
surface for an extended period of time. As shown in Fig. 6.6, this sometimes resulted
in modification of the surface, which rendered the data unusable. We speculate that
this was due to tip heating and increased tip/sample interaction under high current
and voltage conditions. To prevent this from happening, it was found that the STM
current and voltage must be kept below 10 nA and 2.5 V, respectively.

Since the experiment was carried out in air at room temperature, there was some
tip drift even after the system had been given hours to equilibrate. To preserve spa-
tial resolution, it is necessary to use a voltage ramp as fast as possible during BEEM
spectroscopy. However, the system response time is limited by the junction capaci-
tance of the BEEM device (see Fig. 6.3) and the integration time of the picoammeter.
In practice, the ramp speed was increased as much as possible without inducing any
change in the observed BEEM threshold. |

Prior to the Al,Gay_,As experiment, the BEEM spectroscopy set-up was tested

and calibrated with the well known Au/Si(100) system, which is one of the first
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BEEM structures studied. We obtained a value of 0.77 €V for the Au on Si Schottky
barrier height, in agreement with the established value [1, 4]. As shown in Fig. 6.7,
the BEEM threshold was independent of the STM tip current, and the magnitude of
the collector turn on was proportional to the tip current, indicating that the results

were free of artifacts and the system had worked as expected.
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Chapter 7 BEEM Study of Al,Ga;_,As

7.1 Introduction to Chapter

In this chapter, the capabilities of the BEEM technique are demonstrated through
the case study of Al,Ga;_,As heterostructures. In particular, the study focuses on
extraction of local Al,Gay_,As Schottky barrier heights and band edges from BEEM
spectroscopy measurement. The results are compared with existing data from other
measurement techniques, which serves to clarify uncertainties in previous findings. In

addition, BEEM imaging of the buried interface is demonstrated.

7.2 Motivation

Because of the technological importance of Al,Ga;_,As, its various properties have
been extensively studied. In particular, parameters of the Al,Ga;_,As band structure
have been determined from a variety of measurements, including photo response [1],
optical transmission and photo luminescence [2], variation of Hall electron concen-
tration with temperature [3], and variation of electrical conductivity with tempera-
ture [4]. However, there is some uncertainty about the exact positions of I', L, and X
band edges, especially at high Al concentrations where the bandgap of the material
becomes indirect. Figure 7.1(a) shows the measured band edge shift with Al concen-
tration from these studies. The band structure of GaAs is also shown in Fig. 7.1(b)
for reference. It can be seen that band edge positions obtained from different mea-
surement techniques can differ by as much as 150 meV. In addition, there is a lack
of consensus about the Au/Al,Ga;_,As Schottky barrier height at different Al con-
centrations [5, 6], which can be partly attributed to the various sample preparation
procedures available.

These issues are ideally addressed by BEEM, which not only provides imaging of
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the buried interface, but also allow extraction of the local Schottky barrier height and
band edge positions from spectroscopy data. By varying the Al concentration in the
Al,Ga;_;As BEEM sample, the Schottky barrier height and higher lying band edges
of the material can be mapped out in both the direct and indirect bandgap regime. Of
particular interest are the higher lying conduction band edges in Al,Ga;_,As. Unlike
the metal on semiconductor Schottky barrier height, the position of the higher lying
band edge relative to the bottom of the conduction band is an inherent property of
the material. It should not depend on interface chemistry and should also exhibit less
local variation. Such information as measured by BEEM can be directly compared
with results obtained from other techniques. Hence the Al,Ga; ,As BEEM study
should clarify previous uncertainties about the various band edge positions and serve

to verify the validity of the BEEM technique.

7.3 Sample Description and Preparation

The Al,Ga;_;As BEEM samples were grown by molecular beam epitaxy and metal-
lized ez situ with a sputter deposition tool. Figure 7.2 shows the structure and band
diagram of a typical sample. Highly doped (n=1 x 10'®/cm?) epi-ready GaAs (100)
wafers were used as substrates to ensure that the back contact is conductive enough
to support BEEM current. Following oxide desorption, a buffer layer was grown to
grade the doping profile down to the level of the unintentionally doped Al,Ga;_,As
epilayer. The doping in the buffer layer started out at n=1 x 10'®/cm?® for the first
0.2 pym and was gradually tapered down to n=2 x 10'®/cm?® over the next 0.1 um.
At the end of buffer growth, samples were soaked in As for 30 seconds, yielding the
(2 x 4) reflection high energy electron diffraction (RHEED) pattern characteristic of
reconstructed GaAs surface. An unintentionally doped Al,Ga;_,As layer was grown
on top of the smoothed GaAs surface. The epilayers were kept thin to support trans-
port of BEEM current, and the doping level was kept low in the epilayer and the
buffer layer immediately below it to reduce effect of band bending.

Table 7.1 lists the exact configuration of the epilayer for various Al concentrations.
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Figure 7.2: (a) Structure of Al,Ga;.,As BEEM sample. (b) Band diagram of BEEM
sample with AlAs epilayer.
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The Al,Gay_,As layer was 200 A thick for samples with low Al content (z < 0.5) and
100 A thick for samples with high Al content. At z = 0.25, samples with epilayers of
both thicknesses were grown to examine its effect on BEEM turn on threshold. At
the end of the growth, samples with high Al content were capped off by either a 50

A GaAs layer or a 70 A InAs layer to prevent oxidation of the Al,Ga;_,As layer.

Table 7.1: List of Al,Ga;_,As BEEM structures studied.

Epilayer Epilayer Cap Layer
Composition Thickness [A]

GaAs none
Alp.11GagggAs 200 none
Aly19Gag g1 As 200 none
A10,25Ga0_75As 100 norne
Alp2sGag 75 As 200 none
A10,25Ga0,75As 500 none
Aly50Gags0As 100 none
A10_50Ga0_50As 100 GaAs
A10.50Ga0_50As 500 none
A10.50Ga0_50As 500 InAs
Alg‘goGaO.QoAS 100 GaAs
AlAs 100 GaAs
AlAs 100 InAs

A sputter-etch deposition system was used for post growth metallization. Gold
was sputtered off a solid target by Ar plasma and deposited onto the sample at a
rate of 0.7 A/sec‘ Samples were placed behind a mask and patterned with arrays
of Au dots 1 mm in diameter. As discussed in Section 6.2.3, the BEEM device
should be as small as possible to reduce the background noise current. It was found

2 was the practical limit due to sample placement and tip

that an area of 1 mm
engagement restrictions. The Au layer thickness was monitored by a crystal oscillator
and maintained at 100 A for all samples. Atomic force microscopy (AFM) studies
showed that the typical metal layer had a rms roughness on the order of 5 A. For

most samples, the surface morphology was smooth and appeared suitable for BEEM

studies. The sputter deposition rate was varied for early samples and was found
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to have little effect on BEEM results, indicating that sputter damage at the base
collector layer interface was not a significant factor.

Prior to metallization, samples were taken out of the UHV growth environment
and exposed to the ambient. Hence a 20 - 30 A thick native oxide was present between
the metal and semiconductor layer. However, it has been shown that the oxide layer
does not affect BEEM results for Au/GaAs structures [7]. In fact, samples with native
oxide layers support BEEM current more consistently over a longer period of time [7].
In our study, it was found that samples with native oxide layers were stable for up to
several months. To minimize contamination from handling, a degreasing procedure
was followed before the sample was introduced to the metallization chamber. It
consisted of sequential ultra sonic rinse in trichloromethane, acetone, isopropanol and
de-ionized water, with each rinse lasting 2 minutes. The procedure helped generate
more consistent BEEM results, especially for samples that have been stored in air for

a long time.

7.4 BEEM Imaging Results

The samples were examined by using the BEEM set-up described in the previous
chapter (Section 6.3.1). Figure 7.3 shows BEEM images of the Aly,;GagggAs sample
on two different scales. In both cases, the tip bias was at 1.2 V, which was above
the BEEM turn on threshold. It can be seen that the BEEM images bear little
resemblance to the corresponding STM topography, which was clear evidence that
the BEEM images were decoupled from their STM counterparts and were free of
scan parameter induced artifacts. Figure 7.3(a) was typical in that the BEEM image
of the buried surface appeared to be smooth and relatively featureless, which was a
reflection of the high growth quality of the sample and the uniformity of the buried
interface. In Fig. 7.3(b), the BEEM current over a large patch of area appeared to be
suppressed even though the surface topography was relatively uniform, which clearly
illustrates the effectiveness of using BEEM to image the buried interface.

Figure 7.4 shows a series of BEEM scans over the same area at different tip bias.
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Figure 7.4: BEEM images at different tip bias. The tip bias varied from 0.8 V in the
first picture to 2.2 V in the last picture. Scan area was 100 nm by 100 nn.
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The tunneling current was held constant at 5 nA. As the tip bias was gradually in-
creased to beyond the BEEM turn on threshold, the BEEM signal picked up and the
image became brighter. In essence, this was similar to BEEM spectroscopy measure-
ment except that an entire area instead of a single spot was examined. Due to tip
drift, the images are slightly shifted from frame to frame. In the series of images
shown, features can be seen to move to the right. If the data from different frames
can be linked to each other through feature tracking software, then the BEEM -V
characteristics of a large number of positions can be simultaneously analyzed. This is
potentially a very powerful technique as it will result in a mapping of BEEM threshold
(Schottky barrier height) over a large area.

BEEM Spectroscopy Results from Au/100A AI(0.50)Ga(0.50)As
(BEEM turn on at different scales/Tunnel current = 4 nA)
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Figure 7.5: Average signal from BEEM images at different tip bias.

Such sophisticated analysis was not developed due to the limited scope of this
study. A shot gun alternative was to plot the average BEEM current over the whole

image as the tip bias was increased. Figure 7.5 shows three such plots from scans of
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different sizes. The error bars in the plot represented the spread in BEEM signal over
the whole image area. It can be seen that the results from the 10 nm and 100 nm scan
area were similar to each other, whereas the 2 nm scan area yielded a significantly
higher BEEM threshold. The greater variation in BEEM threshold for small scan
areas may be genuine, but it may also be due to more severe tip drift in the smaller
area scan. Regardless the origin of this difference, we can draw the conclusion that
the local BEEM threshold (Schottky barrier height) appeared to be uniform for these

samples over scales greater than 10 nm.

7.5 BEEM Spectroscopy Results

While direct BEEM imaging can reveal non uniformities in the buried interface, the
local band structure of the sample is more accurately determined by using BEEM
spectroscopy. In this process, the STM tip is held at a fixed position on the sample

surface and the collector current is monitored as a funtion of tip voltage.

7.5.1 BEEM Turn on Threshold

Figure 7.6 shows a typical BEEM spectroscopy [-V curve from a sample. The data
were averaged over 50 voltage ramps to improve the signal to noise ratio. Typically,
the tip drifted 5 to 10 nm during the 10 minutes it took to complete the 50 ramps.
Thus the spatial resolution of BEEM spectroscopy was drift limited and about an
order of magnitude higher than the theoretical limit [14]. The resulting BEEM I-V
curve should be considered an average over the same area.

The parabolic turn on model was applied to analyze the BEEM I-V curve due to

its simplicity [14]. Hence the BEEM I-V curve was assumed to take on the form

n

=Y (V-V)? (7.1)

i=]

Where /. is the BEEM collector current, V' is the tunnel voltage and V; is the thresh-

old voltage. Note that each term in the sum only came in when the tunnel voltage
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was above the corresponding threshold. As shown in Fig. 7.6(b), differentiating the
BEEM I-V curve generated a piece wise linear curve that clearly revealed the multi-
threshold nature of the turn on. The I-V curve shown in Fig. 7.6 was obtained from
an Alg11GagggAs sample. Three thresholds were extracted. According to Fig. 7.1,
they corresponded to the I', L and X points in the Aly1;GagggAs layer. Other sam-
ples with low Al concentrations (z = 0,0.11,0.19,0.25) produced similar BEEM I-V
curves. However, the third threshold, attributed to the X point, was not always
evident in every run. This may be due to the comparatively large effective mass
of the X valley [8], which tended to weaken the corresponding BEEM turn on (see
equation 6.3). Samples with high Al concentrations (z = 0.50,0.80, 1) also produced
BEEM I-V curves that had robust two threshold fits. The thresholds, however, were
attributed to the X and L points. For all samples, it was found that the parabolic turn
on model broke down at about 0.5 V above the first threshold, which was expected

due to increased scattering of energetic carriers in the metal layer [9].

7.5.2 Effect of Epilayer Thickness and Capping Layer

The Al,Ga;_,As layer thickness was varied for x = 0.25. As shown in Fig. 7.7,
epilayer thickness variation beyond 100 A did not significantly affect the measured
BEEM thresholds. Thus the measured band edges may be considered bulk properties
of Al,Ga;_,As. This result agreed with findings from the Au/AlAs study by Kaiser
et al., who showed that most of the thickness induced threshold shift occured over
the first few monolayers of the semiconductor [10].

The effect of a capping layer is shown in Fig. 7.8. It can be seen that for both
Al concentrations, the capping layer had only a slight effect on the BEEM thresh-
olds. One may expect that a InAs capping layer will lower the apparent Schottky
barrier height due to the negative Schottky barrier of InAs and band bending at the
InAs/Al,Gay. . As interface. The absence of this effect in our sample is attributed to
relaxation at the InAs/Al,Ga; ,As interface. Due to the large lattice mismatch be-

tween InAs and Al,Ga;_,As (8 %), the critical layer thickness for InAs on Al,Ga;_,As
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Figure 7.7: Variation of BEEM threshold with Al,Ga;_,As layer thickness.

is only a few monolayers. Hence the 100 A thick InAs capping layer must have fully
relaxed to its natural lattice template, resulting in a large number of dislocations and
dangling bonds at the capping layer/Al,Ga;_,As interface, pinning the Fermi level
to the middle of the indirect bandgap. It should be noted that the capping layer
did help to prevent deterioration of the Al,Ga;_,As layer. The uncapped sample in
Fig. 7.8 supported BEEM current for only a few days whereas the capped samples

were stable for up to several months.

7.5.3 Variation of Band Edge and Schottky Barrier Height

with Al Concentration

The BEEM turn on thresholds were interpreted as band edges in the semiconductor.
The variation of these band edges with Al concentration z is shown in Fig. 7.9.
The extent to which the parabolic model remained valid is also plotted in the same
figure. Each data point represents 20 to 30 runs. Since results for Alys0GagsoAs

indicate that the capping layer did not significantly affect BEEM thresholds, we may
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view the energy position curves as continua. It can be seen that the Au Schottky
barrier height increased with Al concentration z until the semiconductor changed
from direct bandgap to indirect bandgap (z > 0.45). At higher Al concentrations,
the Au Schottky barrier height stayed almost constant. The measured Schottky

barrier height were consistent with the data reported in the literature [11, 10].
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Figure 7.9: Variation of Al,Ga;_,As band edges with Al composition z. Multiple
data points at x = 0.50 and = = 1.0 are slightly offset for clarity.

To more easily compare the Schottky barrier result with previous findings, it is
helpful to plot the implied p-type Schottky barrier height, which is obtained by sub-
tracting the n-type Schottky barrier height from the semiconductor bandgap. Plotted
on the same graph as the bandgap, it reveals the position of the surface Fermi level
relative to the valence band edge [12]. As shown in Fig. 7.10, the surface Fermi level
stayed nearly constant at about 0.6 eV from the top of the valence band for z < 0.4.
This agreed with the common anion rule [13] which states that the position of the
Fermi level relative to the valence band edge in III-V and II-VI compound should
only depend on the anion involved. As the material changes from direct bandgap to

indirect bandgap at higher Al concentrations, the surface Fermi level moved towards
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Figure 7.10: P-type Schottky barrier height inferred from BEEM data. Multiple data
points at x = 0.50 and = = 1.0 are slightly offset for clarity.

and stayed close to the middle of the indirect bandgap. This may be due to Fermi
level pinning from surface states created by the additional capping layer in these

samples.

7.5.4 Mapping of the Relative Position of Band Edges in
Al,Ga;_,As

In general, Schottky barrier height depends on surface treatment and other details
of sample preparation. For example, BEEM workers have obtained Au on GaAs
Schottky barrier heights that range from 0.82 eV to 0.90 eV [14, 15]. The position
of the higher lying band edge relative to the first band edge, however, is an intrinsic
property of the semiconductor and should be independent of processing. Figure 7.11
shows the variation of this band edge difference with Al composition 2. The plot is
derived from the BEEM threshold data in Fig. 7.9 by subtracting the first threshold

from the second threshold. The subtraction and error analysis was done for each
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individual run. Note that the error bars in Fig. 7.11 are smaller than the sum of
threshold error bars in Fig. 7.9, which shows that the band edge difference was an

intrinsic property of the material and had less variation form sample to sample.
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Figure 7.11: Relative positions of the higher lying band edges as measured by BEEM.
Multiple data points at z = 0.50 and « = 1.0 are slightly offset for clarity.

These relative energy positions were compared with Al,Ga;_,As band structure
data obtained from other techniques [1, 2, 3, 4]. It was found that the BEEM results
agreed best with the conductivity findings by Lee et al., which are plotted in Fig. 7.11
for reference. For z < 0.45, where Al,Ga; ,As is a direct bandgap material, it can
be seen that the BEEM threshold difference tracked well with the difference between
the L and I' points as obtained by Lee et al. For z > 0.45, where Al,Ga;_,As is an
indirect bandgap material, there was more scatter in the data but BEEM threshold
difference agreed well with the difference between the L and X points. Since the
L point lies at an off angle from the (100) normal growth direction, its presence in
BEEM threshold analysis indicates that there was significant scattering before the
electrons reached the metal semiconductor interface [16]. The range over which the

parabolic model remained valid is also plotted on the same figure. It can be seen that



132
the I' point was out of range at high Al concentrations but the X point should have
been observed as the third BEEM threshold at low Al concentrations. In fact, the X
point turn on was present in some runs. However, it was a weak turn on due to the
large effective mass of the X valley, and the results were not consistent enough for
systematic analysis.

The spatial variation of the band edges are represented by error bars on the data
points. Each error bar was the result of 20 to 30 local measurements. The size of the
error bar ranged from 30 to 50 meV and was consistent with the level of uniformity
observed in corresponding BEEM images (Section 7.4). Tip drift limited our spec-
troscopy resolution to about 5 to 10 nm, which was an order of magnitude higher
than the theoretical limit [14]. This may have resulted in less measured variation

since BEEM spectroscopy was averaged over the larger area.

7.6 Summary and Conclusion

BEEM techniques have been successfully applied to the Au/Al,Ga; ,As system.
BEEM images were readily obtained and its capability for revealing sub-surface non-
uniformities demonstrated. In addition, BEEM spectroscopy was used to map out
the Schottky barrier height and the higher lying band edges in Al,Ga;_,As as the Al
concentration z was varied. It was found that the indirect band edge (L point) con-
tributed significantly towards the BEEM signal, which indicates that scattering was
significant in the base region of the sample. Moreover, the relative positions of the
higher lying band edges in Al,Ga;_,As were extracted from the BEEM spectroscopy
data. Since these relative energy positions are intrinsic to the material and indepen-
dent of sample preparation detail, the measurements represented direct probing of
the semiconductor band structure. Comparison with the existing data showed good
agreement between the BEEM measured values and the conductivity findings by Lee
et al. [4]. The study clarifies previous uncertainties about the Al,Ga;_,As energy
positions and demonstrates that BEEM is a effective tool for probing semiconductor

band structure.
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Chapter 8 BEEM Study of AISb and
InAs/AlSb Superlattice

8.1 Introduction to Chapter

This chapter describes the application of BEEM technique to the InAs/GaSb/AlSb
system. Two device relevant structures are studied: AISb barrier and selectively
dope InAs/AlSb superlattice. Due to the large background noise in these structures,
BEEM images are not obtained. Instead, the study focuses on extraction of band
structure and transport characteristics from BEEM spectroscopy measurement. In
the AISb case study, the impact of sample structure on BEEM background current is

also addressed.

8.2 Motivation

There is much interest in applying BEEM to the antimonides due to the tech-
nological importance of the system [2, 3, 4, 5] and the unique properties of the
various constituent materials. Compared to well known systems such as Au/Si
and Au/Al,Ga;_,As, the antimonides are distinctly under characterized by BEEM.
To date, there have been few published BEEM results on antimonide heterostruc-
tures [1] Much of this is due to the experimental difficulty associated with the large
BEEM background noise which arises from the type II band alignment and the small
bandgaps of these materials. Because of this, the system remains largely unexplored
and represents a stringent test ground for BEEM. A success here should yield a wealth
of information and leave no doubt about the versatility and capability of the BEEM
technique.

We have selected AISb barriers and InAs/AlSb superlattices for this BEEM study



Figure 8.1: AlSb Schottky gate in dual channel mobility modulated transistor.

because these structures are highly relevant in current antimonide device research.
Due to the lack of insulating oxide, AISb is often used as the barrier in antimonide
device structures. This has been demonstrated in the superlattice avalanche photo-
diode in Chapter 4 and the antimonide tunnel switch diode in Chapter 5. Another
important example of this is the mobility modulated transistor [6] shown in Fig. 8.1,
where AlSb is used as the gate insulator. This device is similar to a regular field effect
transistor but employs a dual channel for conduction: InAs for electrons and GaSb
for holes. Because the mobilities of the channels are vastly different (33000 cm?/V-s
for electrons in InAs and 850 ¢cm?/V-s for holes in GaSh), the conduction between
the source and drain can be rapidly modulated by varying the field in the channel
and changing the coupling between the channel wave functions. The device is in the
on state when the wavefuctions are decoupled and the conduction is dominated by
the fast InAs channel. It’s turned off when the wavefuctions are coupled and the slow
(GaSh channel dominates the conduction. While this device is potentially interesting
due to its fast switching speed, real world implementation has been problematic. One

main reason is that the AISh Schottky gate is very leaky [6, 7, 8]. It appears that the
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Schottky barrier height of AlSb is lower than its bandgap would suggest.

This issue is ideally addressed by BEEM. The local Schottky barrier data from
BEEM spectroscopy should make clear the dominating mode of transport in AlSb,
i.e, whether the indirect X band edge contributes significantly to electron transport.
As discussed in Chapter 2, such information is also highly relevant to the design of
GaSb/AlISb superlattice avalanche photodiodes where electron ionization enhance-

ment is critically dependent on the band offset differences within the superlattice [9].
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Figure 8.2: Calculated variation of InAs/AlSb superlattice bandgap and Schottky
barrier height with InAs layer thickness [11].

The selectively doped InAs/AlISb superlattice is an interesting subject for BEEM
study because of its heterostructure nature. To date, BEEM has not been used
extensively to probe epilayers with a large number of hetero-interfaces. The properties
of the superlattice and its application in antimonide avalanche photodiode have been
described in detail in Chapters 3 and 4. As shown in Fig. 8.2, the bandgap and

Schottky barrier height of the superlattice is readily tunable by adjusting superlattice
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constituent layer thickness [10, 11]. In this study, InAs/AISb superlattices of several

different periods are examined. It is hoped that the resulting shift in band structure

will be reflected in the BEEM data.

8.3 Sample Description and Preparation

The antimonide BEEM heterostructures examined in this study were all grown by
molecular beam epitaxy. As shown in Fig. 8.3, the structure of the antimonide BEEM
sample was similar to its Al,Ga;_,As counterpart. In the early phase of the study, a
few AlSb epilayer samples were grown on highly doped p-type GaSb wafers. As will
be discussed later, this resulted in unacceptably large background BEEM current.
Hence subsequent samples were all grown on highly doped n-type (n=>5 x 10'"/cm?
from Te doping) GaSb wafers. The high doping level ensured that the substrate would
be conductive enough to support the collector current in the BEEM experiment (see
Section 6.2.3).

Following oxide desorption under Sb over pressure, an unintentionally doped GaSb
buffer layer was grown. Since the substrate was n-type and the background doping in
the GaSb buffer layer was slightly p-type, the buffer layer was kept as thin as possible
without compromising the growth quality of subsequent layers. At low growth rate,
a 1000 A thick buffer layer was found to be adequate. At the end of the buffer
growth, samples were soaked in Sb, yielding the (1 x 3) reflection high energy electron
diffraction (RHEED) pattern characteristic of reconstructed GaSb surface.

For AlSb studies, a 500 A layer of unintentionally doped AlSb was grown over the
smoothed GaSb surface. The thickness was selected so that bulk properties would
be examined while at the same time the layer was thin enough to support transport
of BEEM current. Because the AISb layer was relatively thin, substrate temperature
was kept at 520 °C, the same as for GaSb growth. RHEED for the AISb layer was less
streaky but still exhibited the characteristic 1x 3 pattern. To prevent AlSb oxidation,
samples were capped off at the end of the growth by either a 50 A GaSb layer or a

100 A InAs layer. Substrate temperature was lowered to 470 °C during growth of the
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In Back Contact

Figure 8.3: Structure of antimonide BEEM sample.

InAs capping layer.

For InAs/AlSb superlattice studies, the superlattice epilayer were grown following
the recipe outlined in Chapter 3. The substrate temperature had to be lowered to
prevent excessive As incorporation in the antimonide layers. The structural quality of
the superlattice was significantly improved when the growth temperature was lowered
to 420 °C, at which point the GaSb surface turned Sb rich and the RHEED pattern
changed from 1 x 3 to 1 x 5. During growth of the InAs constituent layer, the
Si dopant cell shutter was opened, and As flux was minimized by using the valved
cracker while maintaining an As stabilized growth front. A 10 second Sb soak was
applied between each InAs and AlSb interface to ensure a InSb like interface, which is
known to produce material of superior quality [12]. RHEED pattern remained streaky
throughout the growth and exhibited sharp 2 x 4 and 1 x 3 reconstructions for the
InAs and AISb layers, respectively. Samples were grown with superlattice periods

of 17A, 24 A, and 48 A. The period thickness was split between the InAs and AlISb
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layer to better balance the compressive and tensile strain in these layers. The total
thickness of the superlattice was kept constant for all samples at 2400 A. To prevent
oxidation, the superlattice was capped with 50 A of GaSb following completion of the
last AISb layer.

Similar to the Al,Ga; ,As study, the sputter-etch deposition tool was used for
post growth metalization. Aluminum and gold were sputtered off solid targets by
Ar plasma and deposited onto the sample at rates up to 0.4 A/ sec, which resulted

2 in area, and up to 100 A in thickness. Indium left

in arrays of metal dots 1 mm
over from growth served as the back contact. The surface of the front contact metal
layer was comparable to that of Al,Ga;_,As samples, and appeared to be smooth
and suitable for BEEM studies. Prior to metalization, samples were taken out of the
UHV growth environment and exposed to the ambient. Hence the top 20 - 30 A of
the cap layer was oxidized. The native oxide may have stabilized the surface since
the samples yielded the same characteristics after storage of up to several weeks. To
minimize contamination from handling, the samples were subjected to a sequential

ultra sonic rinse in acetone, isopropanol and de-ionized water before being introduced

to the metalization chamber, as in the Al,Ga;,_,As BEEM study.

8.4 Results from AlSb Study

8.4.1 Effect of Sample Configuration

As discussed in Section 6.2.3, in order to read the minute BEEM signal, it is necessary
to have a large junction resistance across the metal to semiconductor interface at zero
bias so that noise current due to micro-volt fluctuation in the system is suppressed.
This was not a problem in the Al,Ga;_,As study because the Schottky barrier height
of Au/Al,Ga;_,As was relatively large (greater than 0.8 V). In antimonide BEEM
samples, the junction may be too conductive due to the type II band alignment
and the narrow bandgap of GaSh. To determine the conductive characteristics of

samples with different configurations and examine their suitability for subsequent
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Figure 8.4: (a) I-V characteristics of two types of AISb BEEM samples. Mesa size
was 1 mm. (b) Corresponding band diagrams.
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BEEM experiment, -V measurements were taken from these samples prior to the
BEEM study.

Figure 8.4(a) shows the results from two types of AlSb samples. Sample A was
from an early growth on unintentionally doped p-type GaSbh substrate and capped by
an InAs layer. Sample B was grown on n-type GaSb substrate and capped by GaSb,
which was the standard configuration for most AISb samples and all superlattice
samples. The band diagrams of these samples are shown in Fig. 8.4(b). It can
be seen from Fig. 8.4(a) that sample A was much more conductive than sample B.
This is because the AlISb barrier did not effectively block the tunneling current that
resulted from the type II band alignment between InAs and GaSb. In sample B,
tunneling was reduced due to the absence of InAs layer and the blocking action of
the underlying n-type substrate. When sample A was inserted in the BEEM setup, a
large background BEEM current was observed, completely overwhelming the collector
signal and rendering the device unsuitable for BEEM study. This was not surprising
considering the steep slope of the sample A I-V curve at zero bias. By contrast, the
BEEM background current was much smaller in sample B due to its larger resistance

at the origin.

8.4.2 BEEM Characterization

Despite the improvement in BEEM noise current, sample B was still too noise and
too unstable for BEEM imaging. However, BEEM spectroscopy was readily obtained
from AlSb samples with the B type configuration. Figure. 8.5(a) shows two such
BEEM I-V curves. Each curve was taken from a different place on the sample surface
and took approximately 10 seconds to generate. Tip drift rates were about a few
nm per minute after the system was given time to equilibrate. Since there was large
variation from one run to another, BEEM scans were not averaged in order to preserve
spatial resolution in the experiment.

The BEEM I-V curve was analyzed by using the parabolic turn on model [13],
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which assumes that the BEEM threshold behavior takes on the form
I =Y (V-V)? (8.1)

Where I, is the BEEM collector current, V' is the tunnel voltage and V; is the thresh-
old voltage. By examining a large number of runs, it was found that the turn on
voltage centered around 1.17 eV with a standard deviation of 0.15 eV. This was
in fair agreement with the result obtained by Walachova et al [1] in their study of
InAs/AlISb double barrier heterostructures. The band structure of AISb is shown in
Fig. 8.6. It can be seen that the BEEM turn on threshold should be attributed to
the conduction band minimum near the AlSb X point, whereas the L and I' point
of AISb lie higher and could not be delineated from the BEEM data. This indicates
that electron transport in AISb was dominated by the indirect band minima. Hence
the electron barrier height of AlSb was much lower than that given by the I' point.
This is an important result and has many implications in antimonide device research.
In particular, electron ionization enhancement in GaSb/AlISb superlattices depend
critically on the conduction and valance band offset difference between GaSb and
AlSb. The smaller conduction band offset implied by the BEEM result means that
the ionization enhancement effect will be weaker than previously thought.

As shown in Fig. 8.5(b), there was significant variation among the individual
BEEM I-V curves. The large variation in individual BEEM threshold indicated un-
evenness at the metal semiconductor interface. This is in contrast with BEEM study
of AlAs, where the BEEM turn on voltage exhibited minimum variation across the
wafer (see Section 7.5.4). Since transport across a barrier varies exponentially with
the barrier height, the I-V characteristics over a large area is dominated by regions
with small local barriers. Hence the large spread in the AISb BEEM threshold was
consistent with the fact that the barrier height in AISb Schottky structures was often
lower than expected.

It should be noted that the BEEM current background noise in the AlSb sample

was on the order of 5 pA, which was higher than similarly prepared AlAs samples
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even through the barrier height in both systems was about 1.2 eV. We attribute this
discrepancy to the fact that the background doping was p-type for AlSb and n-type
for AlAs. The increased background BEEM current was accounted for by additional
hole thermionic emission over the smaller hole barrier height of AISb. The dominance

of hole current was evident in the I-V response of the sample to ambient light.

8.5 Results from Superlattice Study

8.5.1 Effect of Superlattice Period

Background noise was also a significant problem in BEEM spectroscopy of InAs/AlISb
superlattices. This is because the effective superlattice bandgap is substantially
smaller than that of AlSb, even for samples with a very short period. The smaller
bandgap of the superlattice epilayer led to reduced Schottky barrier height at the
metal to semiconductor interface. As the result, the BEEM noise current was not

adequately suppressed due to the small zero-bias resistance of junction.
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The superlattice structures fabricated for this study had InAs/AlSb period thick-
nesses of SA/9 A, 12 A/12 A, and 24 A /24 A. As shown in Fig. 8.2, the corresponding
bandgaps were 1.2 eV, 1.15 eV, and 0.88 eV, and the expected Schottky barrier height
of Au/superlattice structure were 0.62 eV, 0.56 eV, and 0.32 eV, respectively. The
bandgaps and Schottky barrier heights could be made larger by growing structures
with shorter superlattice period, but the structural quality of the material deterio-
rated rapidly as the superlattice period was decreased. In fact, X-ray rocking curves
for samples with the 8 A/9 A configuration showed multiple splits at the superlattice
peak, indicating that the layer had relaxed from too much strain. The inferior quality
of these samples rendered them unsuitable for BEEM studies. The 24 A/24 A longer
period sample exhibited the best structural integrity but its bandgap and Schottky
barrier heights were too small to keep background BEEM current at a reasonable
level. Thus only the 12 A/ 12 A period samples was deemed suitable for BEEM

experiments.

8.5.2 Results from 12 A/12 A, InAs/AlISb Superlattice

Figure 8.7 shows a high resolution X-ray diffraction scan of the 12 A/ 12 A period
superlattice. The sharp X-ray diffraction satellites were indicative of the good struc-
tural quality achieved. The I-V curve of the metalized device is shown in Fig. 8.8
and indicated that the underlying superlattice was n-type. The curve deviated sig-
nificantly from ideal Schottky diode behavior at high voltages. But the low voltage
portion of the curve yielded a Schottky barrier height of 0.6 eV [14].

When these samples were inserted in the BEEM set-up, the background BEEM
current noise was on the order of 100 pA, which overwhelmed any conventional BEEM
signal that would be present. Due to the large noise and the associated instability,
BEEM images could not be obtained. However, it was found that after the surface
was stressed by running a high voltage and current (-3 V and 50 nA) through the
STM tip, the metal layer could be deformed resulting in regions where the metal

layer was tenuous. When the STM tip was placed over these regions, thresholds
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Figure 8.7: High resolution X-ray diffraction scan from the 12 A/12 A, InAs/AlSb
superlattice BEEM sample.

could be observed in the BEEM spectroscopy curve. Figure 8.9 shows some typical
BEEM scans after the stress treatment. The threshold occured at around 0.8 eV for
the Au/superlattice system and could be reproduced by retracting the STM tip and

using it to stress a new region.

8.6 Summary and Conclusion

We have applied BEEM techniques to the InAs/GaSb/AlSb material system. Due
to the large background noise, BEEM images were not obtained. However, BEEM
spectroscopy was applied with various degrees of success to analyze the Schottky
barrier height and band structure of AISb barriers and InAs/AlSb superlattices.
The Al/AISb system yielded a BEEM threshold of 1.17 eV, which was attributed
to transport through the conduction band minimum near the AlSb X point. This

indicates that the low lying, indirect band edge of AISb contributes significantly to
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electron transport and must be accounted for in device design. A large spread in the
AlSb BEEM threshold (0.2 eV) was also observed, indicating degradation of the A1Sb
barrier due to local fluctuations at the metal semiconductor interface. The finding is
consistent with the fact that the observed Schottky barrier height is often lower than
expected.

In the case of selectively doped n-type superlattice, BEEM spectroscopy was ham-
pered by considerable background BEEM current due to the small bandgap and low
Schottky barrier height of the superlattice. The expected shift in BEEM thresh-
old from superlattices of different period could not be observed, and BEEM scans
yvielded a threshold of 0.8 eV for the Au/24 A period superlattice system only after
considerable stressing of the metal layer.

The important issue in BEEM study of antimonides appear to be the large back-
ground current associated with the type II band alignment and small bandgaps of

these materials. The problem may be partially rectified through careful design of



150
the surface capping layer and the underlying substrate in the antimonide BEEM
structure. In particular, the junctions formed by InAs cap/thin AlSb barrier/p-GaSh
were found to be especially leaky, whereas the GaSb cap/thin AlSb barrier /u-GaSbh
configuration yielded working BEEM samples.
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