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Abstract

InP and InGaAs lattice matched to InP hold a special place in the optoelectronics
industry because of their room temperature bandgaps of 1.27 and 0.73 €V; these translate into
emission/detection wavelengths of ~ 0.9 and 1.6 pm. As such, they are ideal for the
development of long wavelength technology, in particular the 1.3 and 1.55 um emissions that
are achievable in lattice matched InGaAs/InP systems, which can be transmitted through
optical fibre with low signal loss for long distance telecommunications. However, the device
processing technologies of InP and InGaAs are less mature than those of, say, GaAs or Si, and
continuing research is needed to take full advantage of the intrinsic properties of these
materials.

One branch of current research involves defect production and diffusion, which is
known to greatly modify the electrical and optical properties of these semiconductors. Ion
implantation is one way of introducing a large amount of defects, and a significant part of this
work focuses on understanding the changes to the electrical and optical properties of InP and
InGaAs resulting from such implantation. Combined with structural studies, an insight into
multiple defective layers of varying optical and electrical properties after implantation has been
gleaned. In both InP and InGaAs, implantation was found to result in large concentrations of
shallow donors which reduced the resistance of the semiconductor. Depending on the
element implanted, this reduced resistivity was concentrated in one or two layers within the
damaged region. Implantation also resulted in the creation of non-radiative recombination
centers, which in some cases reduced the carrier lifetime of the material to the sub-picosecond
range. With the aim of creating materials suitable for ultrafast photodetectors, this work has
successfully found ways to increase the resistivity of both implanted InP and InGaAs while

keeping the response times as low as possible.
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In addition to the creation of defects, their diffusion was induced using annealing
techniques, and the conesponding structural, electrical and optical changes observed. This
provided another parameter for varying the properties of defective InP and InGaAs with
device applications in mind. Annealing, in combination with ion implantation and dielectric
capping layer vechniques, was also used to promote interdiffusion of InP/InGaAs and
InGaAs/AlGalnAs quantum well structures, thereby tuning the emission/detection
wavelengths. The damage accamulation processes resulting from implantation in InP and
InGaAs at different temperatures was found to strongly influence the degree of interdiffusion
achteved. This was related to whether implantation conditions were conducive to formation of
point defects or more complex clusters and loops, since the former were more mobile and
thus good vectors for interdiffusion. Strain, as well as the interplay of group IIT and group V
interdiffusion and surface chemistry, was found to play a major role in the amount of
wavelength tuning that was achievable. The quantum well structures studied showed a great
deal of versatility in terms of the obtained peak emission wavelength shifts, and in some cases
this emission/detection wavelength was actually shifted to larger values (redshifted), something
not achievable in standard interdiffusion of AlGaAs/GaAs and InGaAs/ GaAs quantum wells.

This work has provided clear advances in the understanding of defective InP and
InGaAs with direct applications to devices. By varying implant dose, initial free carmer
concentration, annealing temperature and dielectric deposition parameters, bulk marerials and

heterostructures can be obtained with the ideal characteristics for optoeletronic applications.
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CHAPTER 1

Introduction



Recent developments in II/V compound semiconductors have led to a revolution in
fast optical commmmnications systems; new optoelectronic devices such as lasers,
modulators and photodetectors based on InP and InGaAs are widely used in both long
and short haul communications networks. In these networks, of particular importance is
the demand for faster data transmission rates, which are needed for a range of
applications such as broad band internet and video on demand, and which require
devices which can operate at much faster rates. In order to meet this demand, two main
technologies have been proposed; one is based on optical time domain nmltiplexing, and
the other on wavelength division muduplexing. The former technology achieves
increased data transmission rates by sending and receiving the optical signals at higher
frequencies. The latter produces the same effect by sending data ar a slower rate, but
over a range of wavelengths. The studies in this Thesis address both these technologies,

using jon implantation and bandgap tuning techniques.

Although it may defy common sense, adding imperfections to semiconductors
can actuaily improve their performance in devices used for everything from information
technology to playing music, Creating defects on purpose (defect engineering)- or putting
na r occurring defects to good use - can have major implications for the furure of

optoelectronics and materials science.

Of the III/V semiconductors, InP and InGaAs are preferred for long -
wavelength optoelectronic applications. Moreover, it is logical to study these materials in
conjunction, since InGaAs layers are inevitably grown lattice matched to InP substrates.
At room temperature, and with InGaAs lawtice matched to InP (corresponding to 2
lattice spacing of ~5.87 A) their bandgaps are ~1.35 and 0.78 eV, respectively. This



translates to emission/detection wavelengths of ~ 0.9 and 1.6 um. Apart from the
epitaxial layers, heterostructures can be made from these semiconductors with
emission/detection wavelengths in the highly desirable 1.3 and 1.55 wm range, which is

the operating wavelength used in long haul optical fibre communications.

The study into defects in InP and InGaAs offered here represents a contribution
to the ongoing efforts into uncovering new ways of controlling, or even exploiting, these
defects for optoelectronic device applications. The defects were created primarily by ion
implantation, while a small section of work deals with defect injection via deposition of
dielectric layers on the surface of samples. There are two main directions this work has
taken. Firstly, the defects created by ion implantation are studied as causes of electrical
and optical characteristics which, in bulk InP and InGaAs, could be very useful in
fabricating devices with very fast optical response times that could be employed in
increased bandwidth optical fibre communications, not to mention ultrafast long
wavelength spectroscopic techniques. When a crystalline semiconductor is ion
implanted, the incoming charged atom undergoes a series of collisions with elements in
the target, causing cascades of ‘knock on’ collisions which dislodge target atoms from
their usual lattice positions. As such, these ‘out of place” atoms are defects which bond
with the surrounding atoms in a variety of ways, existing as simple point defets such as
vacancies, interstitials or antisites, or forming more complex clusters, loops, stacking
faults or voids. Each of these defects have their own optical and electrical characteristics
- they may act as carrier traps or donate excess carriers to the semiconductor - with
energy levels that can exist in the valence or conduction band or within the band gap.

Thus, they locally vary the electrical and optical characteristics of the material. Locally,



also, they induce strain into the matrix due to deviations from the wsual lattice
configuration. In large enough concentrations, they can vary these characteristics enough
to modify the properties of an entire sample and be observable in optical and electrical

experiments aud also experiments which reveal the structural integrity of the maverial.

Secondly, the defects in these materials are used to drive a process called
interndiffusion in InP and InGaAs based quantum wells, which means an exchange of
elements at InP/InGaAs interfaces. This is a method which has been used to ‘une’
emission/detection wavelengths in lasers and photodetectors made out of quantum
sermiconductor structures, and has been investigated for monolithic integration of
optoelecuronic devices. Point defects mentioned above are ideal for interdiffusion, since
they are highly mobile in the semiconductor at elevated temperatures, and can diffuse
large distances within a sample. In this way, they promote an exchange of elements
across interfaces between two semiconductors. In the case of quantum wells, this results
in a smoothing of the semiconductor composition across what was initially an abrupt
interface, which alse causes a smooth variation in bandgap where previously there was a
sharp step between the adjacent materials. Thus, the sharp square potential of a
quantum well can be modified, which leads to changes in the energy levels within the

quantum well, and ultdmately fis emission/detection wavelength.

Chapter 2 discusses the various methods which were used to fabricate and
modify samples, as well as the experimental techniques employed to assess the changes
10 the electrical, optical and structural properties of the material. Chaprer 3 presents
detailed investigations into the properties of ion implanted semi-insulating InP, and raises

principal issues which are essential for interpretation of results in later Chapters. Chapter



4 discusses similar studies into the electrical properties of ion implanted InGaAs
epilayers grown on InP substrates, and focuses in particular on methods of achieving
electrical isolation in this material using the damage caused by the implantations. In
these two chapters, the similarities as well as the differences of defective InP and InGaAs
become apparent. Efforts to modify the properties of these materials are then described
in the following Chapters. Chapter 5 looks at methods of obtaining implanted InP
suitable for ultrafast optoelectronic applications, and Chapter 6 details similar studies
using epitaxial InGaAs. In Chapter 7 and 8, the defects are put to a different use in
promoting interdiffusion studies in InP/InGaAs and InGaAs/AlGalnAs quantum well
structures, In the former Chapter, interdiffusion is driven by defects resulting from ion
implantation, and in the latter, dielectric layer deposition is investigated as an equally
powerful means for achieving tuning of emission/detection wavelengths of quantum
structures made from InP and InGaAs. Finally, Chapter 9 details the main conclusions,

and provides suggestions for further work.



CHAPTER 2

Experimental Techniques



2.1 Introduction

The experimental techniques used for both fabrication and analysis of samples studied in this
Thesis will be presented here. Descriptions are restricted to providing a basic understanding
of the methods and equipment employed, since a more comprehensive picture is best sought
in the references provided at the end of this Chapter. Issues relating to each technique that are
of particular interest w this Thesis will be covered in more detail in the appropriate sections.

"The main techniques have been categorized as follows

s  Epitasial growth (sample fabrication)
s Ion implantation and sample processing (sample modification)

o Matenal characterization (structural, electrical and optical analysis of samples)

2.2 Epitaxial Growth

The InP and InGaAs epilayers as well as quantum well structures used in this work were all
grown by metalorganic chemical vapour deposition (MOCVD). MOCVD & a thin film
deposition process using a vapour phase reaction between metalorganic compounds of the
group III elements and hydrides of the group V elements; a detailed description of the
processes ivolved can be found in several good books and reviews™. All samples were
grown at the Australian National University using an AIXTRON AIX 200/4 horizontal flow
{with rotation) reactor. The growth temperatare was 650°C, pressure was 180 mb, and the

semiconductor structures were all grown on (100) InP substrates supplied by American Xial



Technology. P -type as well as n -type InP and InGaAs epilayers were grown by doping with

Zn and Si, respectively. InGaAs was always grown with a nominal In composition of 53%

and Ga composition of 47% such that the epilayers were lattice matched to the InP substrates.

AllnGaAs used in quantum well structures in Chapter 7 used an Al composition of 20%, Ga

composition of 27% and In composition of 53% for the same reason.

A summary of the structures used in this work is as follows:

Chapter 3:

Chapter 4;
Chapter 5:
Chapter 6:
Chapter 7:

Chapter 8:

InP semi-sulating (ST) substrates; undoped [nP epilayers on n” InP
substrates; p - [nP epilayers on S substrates,

7« and p - type InGaAs epilayers

InP ST and p - type epilayers

undoped and p - type InGaAs epilayers

InP/InGaAs quantum wells with IoP or InGaAs capping layers;
AlGalnAs/InGaAs quantum wells with the same capping layers
InP/InGaAs quantum wells with InGaAs capping layers

More dewailed descriptions of the samples are provided in the experimental section of

each Chapter.

2.3 Sample Processing

2.3.1

Theory

Ton Implantation



Ton implantation™ involves the irradiation of samples with ionized atoms (ie. ions) which can
be accelerated to energies from a few keV 1o several MeV. Such energetic ions, upon impact,
lose their energy via a series of collisions with target nuclei and elecurons. These collisions can
result in displacements of atoms in the target, leaving lattice defects in crystalline solids. Such
defects constitute the main focus of this work

Ton ranges and atomic displacements produced by ion implantation can be calculated
using Transport of Ions in Matter (TRIM} monte cardo simulations®, Implntation produces
Gaussian-like {unimodal} damage {atomic displacement) profiles, as shown in Figure 2.1, The
thickness of the layer altered by the implantation as well as the number of atomic
displacements generated depends on on mass and energy. Generally speaking, the greater the
fon mass, the more damage is created. The TRIM code takes into account only ballistic
processes and ignores effects such as dpumic ameding (defect migration and interaction
processes). Moreover, this code does not have any scope for predicting the damage profiles

0.6 ' Total vacancies E

0 5000 16000 15000
d (A)

Figure 2.1 Profile of In vacancies as a function of depth for 1 MeV P*
implantation into InP, as simulated by TRIM. 9



when implants are done at temperatures other than room tempersture. Thus, actual damage
cansed in the sample by implantation must be verified experimentally,. However, we have
found that the depth of the maximum damage predicted by TRIM corresponds well to the

values measured for implams into InP and InGaAs at elevated temperatures.

Experimental Details

In this work, fon implantation was performed on both the low and high energy ion implanters.
Figure 2.2 shows a schematic of the ANU 1.7 MV tandem accelerator (NEC, 55DH-4) used
for high energy implants. Samples were mounted on the target holder in the implant chamber
using metal clips. The ion source is a SNICS - type, (Source of Negative lons by Cesium
Sputtering) where a suweam of Cs vapour is jonised into Cs™ which are then attracted to a
negatively biased cathode (< 10 kV). The ions to be implanted are normally obtained from a
powder source which is pressed into a Cu cathode. The list below shows (in order of

increasing atomic mass) the source materials for the various ion species used.

Tons Atomtic Mass (a.m.u)f Source Material

H 1.00 TiH, powder

Li 6.94 LiOH powder

C 1201 Carbon powder

O 16.00 ALO; powder

P 3097 Crushed InP wafer

Fe 55.85 Solid machined steel cathode
Ga 69.72 Ga,O; powder

As 7492 Crushed GaAs wafer

In 114.82 10,0, powder

16
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Figure 2.2 Schematic of the 1.7 MV tandem fon accelerator used for high
energy ion implantation.



The posttivelybiased extractor (€ 15 kV) then attracts the sputtered negative tons, accelerating
themn further by a bias (<80 kV) into a 90° magnet, with a path radius R, for mass-fileering. By
setting the magnetic field such that the magretic force acting on the accelerating ions is equal
to the centripetal force of the lons as they are deflected through a radius (R), the required ions
with mass {m} and charge () will be singled out by being deflected towards the high voltage
terminal, Le.

B=1/R. 2mV,/gn [2.1]

where B is the magnetic field, V, is the potential of the ions and q is the electronic charge.

The high voltage terminal resides in the middle of a tank containing pressurised SF, gas
for insulation purposes. Positive charge (up to 1.7 MV) is supplied to the termimal by two
pelletron chains. The voltage applied to the high voltage terminal is sustained through a series
of equi-potential rings separated by resistors, as the beam path at the two ends of the tank are
kept at ground potential. The voltage stability of the terminal is ensured using a set of corona
points which form a closed loop feedback system. The mass-filtered negative jons coming
from the 90" magnet are electrostatically sweered into the tank and accelerated towards the
positive high voltage terminal  Ar this terminal, they are partially stripped of electrons in a
nitrogen charge-exchange cell o become positive ions and as a result are further accelerated
towards the other end of the tank (at ground potential). Thus, the final energy, V;, of the ions

15
Ve=q [Vi+ (1+n) V{] [2.2]
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where V, is the voltage at the terminal, V; is the injected potential of the jons and n is the
charge state of the ions. Typically, the final ion energy is in the range 0.2 - 10 MeV. If lower
energies are required (< 150 keV), the low energy ion implanter is used, which operates on a

similar principle to the source end of the high energy implanter.

2.3.2  Rapid Thermal Annealing (RTA)

Rapid thermal annealing™ is a crucial step in preparing samples for all aspects of this work. By
annealing av different temperatures and times one can learn a great deal about the thermal
stability and mobility of defects in semiconductors. Besides, high temperature process steps
are part and parcel of the device fabrication techniques, and so were used routinely in this
work. Annealing steps were also used to promote ierdiffusion and damage removal. All the
RTA processes were performed in an Ar ambient with temperatute ramping at 100°C/s, were
done in the proximity geometry, where samples were covered with sacrificial material to
minimize material decomposition. For example, P has a strong tendency to evaporate from
InP av anvealing temperatures above 400°C, thus it is necessary to use sacrificial pieces of InP
to maintain the P vapour pressure at the surface. Where InGaAs surfaces were concerned,

sacrificial GaAs was used o prevent excess loss of As.

233  Plasma Enbanced Chemical Vapor Deposition (PECVD)

It was necessary to deposit dielectric layers of Si0O, and/or SilN, for the intermizing studies
(impurity free vacancy disordering) in Chapter 8. This was done using an Oxford Plasmalab 80
Plus plasma enhanced chemical vapour deposition (PECVD) system.

13
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Figure 2.3 Coafiguration of the PECVD system. Courtesy of Dr. L. Fu.

PECVD uses the principle of nonequilibrium glow discharge", which s defined as a
parually tonized gas containing equal volume concentrations of positively and negatively
charged particles (mostly ions and electrons, respectively) existing in different concentratons
of ground-state and excited states”. Nonequilibrium glow discharges are generated by
subjecting the gas to a radio frequency (RF) electric field. The small concentration of free
electrons initally presem in the gas are accelernted by this electric field. At sufficiently high
energies, the electron collisions with atoms in the gas excite and ionize them, in the larter case
creating additional electrons which are also accelerated by the electric field. In this way an
avalanche of accelerated electrons creates a steady state glow discharge. At steady state, a
fracion of the ground-state parent atoms in the gas phase undergoes electron impact
dissociation and excitation such that highly reactive species are created, which in turn diffuse

towards the sample, adsorb on contact with the surface, undergo chemical reaction and surface

14



migration, and eventually form a solid film.  Since the reactive species produced 10 the plasma
have lower energy barrers to physical and chemical reactions than the parent species, they can
react at lower remperatures, which is the major advamage of PECVD compared with other
thin film deposition techuiques.

The plsma is generated between two parallel, circular electrodes, with the sample
being placed on the lower, electrically grounded electrode.  The upper electrode is connected
to a 13.56 MHz RF generator and the reactants { SiFL, NF}; and N;O gases} are fed ia from
the gas inlet through the top electrode, entering the plasma region. The gases used were 5%
silane (in N,) and nitrous oxide for $iO, deposition and 5% silane (in N,) and ammonia for
SiN, deposition,

234  Electron Beam Evaporation

Another method of forming films on the surface of samples is by electron beam evaporation.
In this case, the heating of the material to be deposited is done wusing a focused beam of
electrons, which has the advantage of being able to heat to very high temperatures a small
region of the source material to such high temperatures that it evaporates. The material then
recondenses on all the surfaces of the evaporation chamber, including on exposed
samples. TIO,, a dielectric used for interdiffusion studies in Chapter 8, was evaporated onto

samples via this technique using a Temescal CV-8 electron beam evaporator.

235  Spin-on Glasses (SOGs)

Spin on glasses are another form of silica which can be deposited on the surface of samples.

In this case the silica is initially suspended in a solvent, and the resulting solution spun ento the

15



sample using standard spin deposition techniques. Then the sample is baked for a reasonable
time (such as 15 minutes) so that the solvent evaporates, leaving behind the amorphous silica.
Different baking temperatures result in a different quality (e.g. porosity) of the silica. In this
work, spin on glasses were used in addition to the other dielectric deposition techniques o
promote interdiffusion in the quantum well samples. Undoped as well as P -, Ga - and Ti -

doped spin on glasses were used.

2.4 Material Characterisation

24.1  Double Crystal X-ray Diffractometry (DCXRD)

DCXRD is a non-destructive technique widely used for measurements of compositions, layer
thickness and strain in epitaxial structures'". In this work its use has primarily been to gauge
the strain profile introduced into epilayers as a result of ion implantation. A Bede QC2a
diffractometer was used, where a beam of Cu K, X-rays is collimated to a reference crystal of
the same material and orentation as the specimen which also acts as a monochromator.
When the planes of the specimens are parallel to those of the reference crystal, Bragg

conditions are satisfied, Le.

nA=2dsinOg [2.3]

where d is the spacing of the Bragg planes, A is the X-ray wavelength, 6; is the Bragg angle
(31.668° for (004) InP) and n is the order of diffraction (n=1, 2,...). A slit is positioned in

front of the detector to limit the angular divergence and improve the resolution. A small
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Figure 2.4 Schematic of a double-crystal X-ray diffractometer (DCXRD).
Courtesy Dr. H. H. Tan.

rotation of the specimen with respect to the reference crystal will result in a loss of intensity
from the substrate. For one of the implanted samples, Dr. Manuela Buda at the Department of
Electronic Engineering, ANU, kindly performed modeling using the Takagi- Taupin Theory”.

242  Cross- sectional Transmission Electron Microscopy (XTEM)

Cross-sectional transmission electron microscopy (XTEM) is a well established technique to
sty defects and microstructure of materials. It is routinely used to tmage and analyse damage
and defects in ion implanted materials. An XTEM sample may be investigated in several
modes, most commoniy the diffraction mode (such as selected area diffraction and couvergent
beam diffraction) and imaging mode (such as bright-field, dark-field and weak beam imaging).
These methods allow a vast army of crystalline defects w be imaged and analysed. Details of
the operation of a XTEM and the analysis of the images are beyond the scope of this work bue

17



may be found in several good publications™*, XTEM analyses were carried out by Dr. Zou
Jin at the Electron Microscope Unit at the University of Sydoey. Samples were prepared by
mechanical grinding followed by ion-beam thinning and then examined in a Philips CM 12

operating at 120 kV.

243  Rutherford Backscattering-Channeling Spectrometry (RBS-C)

Rutherford backscattering spectrometry (RBS) is a quantitative ion beam analysis technique,
commonly used to analyse structural damage and composition of target samples. With this
technique, 2 beam of monoenergetic light ions (such as H or He) is bombarded onto the
specimen to be analysed. The backscattered ions are then collected and analysed for their
energy distribution which will yield information about the atomic constituents and alse a depth
profile of the targer. I the incident ions are aligned along a low index crystallographic
direction of a crystalline target (axial channeling), then most of the ions are steered into the
‘channels' of the crystal, causing a significantly reduced backscattered ion vield. On the other
hand, if the target is randomly oriented with respect to the incident ions, then fewer ions are
channeled along the crystallographic axes and more direct scattering will occur. The aligned
technique is generally referred to as ion channeling or RBS-channeling (RBS-C). If defects are
present in the sample, such as displaced atoms in the chanoeling paths, then the yield of the
backscatrered ions will increase. In this way, the channeling spectrum can give a depth and
concenteation profile of defects present in the material, and is ideal for analysis of crystalline
materials such as the semiconductors studied in this work.

13
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Figure 2.5 Schematic representation of the backscanering process for a

specific geometry.

The RBS-C measurements done in this Thesis were conducted on an ANU 1.7 MV
tandem accelerator (National Electrostatics Corporation, US.A., model 5SDH), which has 2
similar design to the 1.7 MV implanter depicted in Figure 2.2. In this case, a rubidium ion
source i used (not a SINICS} and a high voltage tank with only one nylon chain,

The geometry of the RBS detection system is important in the quantitative analysis of
the results, such as the depth profile. The energy loss of an incident ion with energy E, in

traversing a distance x from the surface and backscattered by a P atom is related to the

following expression, as lustrated in Figure 2.5

AEp = KpE, - By p = [Srx

[2.4]
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o | ot [2.5]
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where K; is the kinematic factor of P, E,;, is the energy of the ion backscattered off a P atom
at x, [S], is the energy loss factor of P and dE/dx|,, and dE/dx],, are the rate of energy loss
evaluated at the inward and outward paths, respectively. For regions near the surface, the
depth x is stmall and hence, the relative change of the ion energy along an incident path is also
small. Thus, it is sufficient to use a surface energy approximation which reduces the latter

£Xpression 1o

Ke af) 1 & [2.6]

E, - KR E,
cos, dx cosé, dx
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Simular expressions are true for an ion scattering off an In atom. Purther treatment of RBS

and ion channeling can be found in references 19 and 20,

244  X-ray Photoelectron Spectroscopy

#2 operates on the principle irradiation of a sample

Xeray photoelectron spectroscopy (XPS
under vacuum with monoenergetic soft X-rays {typically Mg K, (1253.6 ¢V) or Al K, (1486.6
V) produced by electron bombardment of Mg or Al targets), which interact with the surface
atoms such that electrons are emitted by the photoelectric effect. An electron spectrometer

coliects the photoelectrons and analyses their energy. The kinetic energy of an emitted

electron, referenced to an appropriate zero of energy, is related to the binding energy of an

0



AL

Figure 2.6 Schematic of the basic apparatus used in X-ray photoelectron
spectroscopy.  X-rays are produced at the Al anode by bombardment of
electrons created at the filament. The X-rays impinge on a sample producing
photoelectrons which are detected after analysis in the electron energy
analyzert

electron in the warger atom. Because each element has a unique set of binding energies, XPS
can be used to identify and determine the concentration of elements in the surface. Variations
in the elemental binding energies (chemical shifts) are caused by differences in the chemical
potential and pelarizability of the compounds in the sample, and allow identification of the
chemical state of the elements in the sample. Measurements were carried out by Dr. Bill Bin
Gong at the University of New South Wales, on a ESCALAB220i- XL (VG Scientfic, UK) X-
ray photoelectron spectrometer. Standard conditions used a vacuum better than 2 x 107 mbar.
The source used a monochromated Al K, beam, with source power 10kV x 12 mA = 120 W.
The spot size was ~0.5 mm across and the pass energy was 100 €V for wide scans and 40 ¢V
for narrow scass (resulting in depth profiles), The Ar ion beam used for spuitering inw
samples (thus providing depth profiles) had an energy of 5 keV, Samples were analysed as

received.
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2.45  Sheet Resistance

Sheet resistance (R) is the resistance between the opposite edges of a square of arbitrary
dimensions. Sheet resistance is independent of the size of the square and &s determined by
material resisuvity and sample thickness. Thus, R, is a property of the sheet. For R
measurements, rectangular samples were cut from InP and InGaAs-on-InP wafers. On wo
oppostie sides of each sample, ohmic contacts were fabrcaied. In the case of both InP and
InGaAs, it is relatively easy to make ohmic contacts: indium wire is pressed onto the surface
and then the sample heated at 200°C until the metal is observed to have melted and oxidized
(indicating a reaction with the semiconductor surface). Sheet resistance measurements of ion
implanted InGaAs were done i siw (without breaking vacuum in the target chamber of the
mmplanter) with a specially designed sample holder. Measurements were performed several

mirutes after each ion dose had been delivered.

2.4.6 Hall Effect

Fall effect”, as a chamcterization tool, has been used throughout the history of
semiconductors to provide a direct measure of free carier type and density, and, when
combined with a resistivity measurement on the same sample, carter mobility. A standard
explanation of the physics of the Hall effect uses a uniform bar sample, as shown in Figure 2.6,
where positive carriers {low under the influence of an electric field £, along the bar. A umiform
magnetic field B, s applied normal to the top surface, resulting in a force Fy = eB,v;, which

pushes the positive carniers in the positive y direction to the edge of the bar, where v, is the
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Figure 2.6 Schematic diagram o iHlustrate the Hall effect on a semiconductor
sample in the form of a “Hall bar”. In (3} the coordinate system is defined and the
forces acting on positive holes which How from left 1o right under the influence of
an applied electric field &; are shown. The magnetic field B, is applied normal to the
sample surface and w the direction of current flow. In (b} we show the plan view of
a practical sample with side arms A and B which are used to measure the applied
field &, and C and D which allow measurement of the Flall field £, Taken from
Blood et @

Since the Hall field £ is proportional to both B, and the current density J:

£ =Ry JB. (5=0) (28]

which can be rewritten as
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R, = fr Y. L [2.9]

using equations [2.7] and [2.8] as well as the relation J, =env,. The proportionality constant

Ryris known as the Hall coetficient. 'The Hall mobility py; can be expressed as

= L=l YeTlol L2 [2.10}

where the resistivity is p= 1/, {and b are the length and width of the bar as shown in Figure
2.6, and V_is the volrage measured at contact x = A, B, G or D.

In practice, averages of the voltage differences are obtained for both current directions
{when rmeasuring Ry} and magpetic field, in ordet to minimize errors. Although the bar
sample ensures a uniform current distribution and a well-defined electric field, the majority of
Hall effect measurements are made in the van der Pauw®™ geometry. Measurements using this
configuration require far less geometrical accuracy than in the bar sample. The van der Pauw
configuration used in this work, consisting of four ohmic contacts placed in the comers of a
~5 x 5 mm’ sample is illustrated in Figure 2.7. Van der Pauw published a theorem in 1958
which applies to the measurement of resistivity in a sample of uniform thickness and doping
level but otherwise of arbitrary shape, where four contacts A, B, C and D are placed along its

edge. The theorem can be expressed in terms of the resistances:
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Figure 2.7 Schematic diagram to illustrate the van der Pauw configuration with
ohsic contacts A, B, Cand D.

Riopep = L42 [2.11]

where Vg is the voltage measured between contacts A and B when a current Iy, 13 passed

between Cand D. Van der Pauw also showed that the Hall coetficient is given by

W
Ry ARy [2.12]

where AR,,.-is the change in R,,,. produced by applied magnetic field B, (Ryp,e s

measured using diagonal pairs of contacts rather than adiacent pairs). It is standard practice to
reverse the current and magnetic field and interchange current and voltage contacts, obtaining

the Hall coefficient from an average of eight readings,
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2.4.7  Scanning Spreading Resistance Microscopy (SSRM)

Scanntng Probe Microscopy based electrical characterisadon methods have emerged as
promising techaiques for two-dimensional mapping of electrical properties at the nanometer
scale”. Application of Scanning Capacitance Microscopy (SCM) and Scanming Spreading
Resistance Microscopy for characterisation of both Si and III-V based materials and devices,
has already been reported™™. The obtainable lateral resolution (20-50nmy} is typical of probe
tips diameter used in Atomic Force Microscopy (AFM), SCM and SSRM are complementary
techniques and very well suited to charactenisation of electrical properties of ion implanted
InP. Particularly, investigation of sample cross-sections provides such information at different
locations.

In scanning spreading resistance microscopy”~, an electrical resistance is measured
between a conductive probe tip and 2 large current-collecting back contact while the probe is
scanned in the contact mode across the cross section of the sample, When the applied force
exceeds a certain threshold force, the measured resistance is dominated by the spreading
resistance. 'This resistance R, associated with a single probe of contact radius 4, results from
current crowding close to the contact region in the semiconductor; R, is therefore determined
by the resistivity p of a small volume of material within a hemisphere of radius ~22. Fora
plane, uniform comtact making perfect ohmic contact at the surface of a semi-infinite

semiconductor,

R, =p/da. [2.13]
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In practice, real contacts form a potential barrier Ry at the probe-semiconductor

wmterface, thus
R. = (Rs+ Ry) =kp/da, [2.14]

where the factor k is a slowly varying funciion of p which must be calibrated for each
individual probe. The spreading resistance depends inverse proportionally on the local carrier
concentration undermeath the probe-sample contact. The SSRM measurements presented in
this work were performed with a Digital Instruments Nanoscope Dim 3100 microscope
equipped with a SSRM module by Kestas Mastutis at the Department of Microelectronics and
Information Technology, Roval Insutute of Technology, Sweden. Commercial Boron-doped
diamond coated tips (NanoSensors GmBH) were used. Sample cross-sections were obtained
by manual cleaving, The current was measured using a loganthmic amplifier with the de bias
applied to the sample. In this case, the samples consisted of epitaxial InP, about 1.5 um thick,

grown on n* InP substrates, which were subsequently implanted with the different ion-species.

24.8  Scanning Capacitance Microscopy {SCM)

In a scanning capacitance microscope’, a tip (such as is used in atomic force microscopy) is
covered with a thin dielectric layer such that the tip-sample contact forms a metal-insulator-
semiconductor (MIS) capacitor, whose capacitance voltage behaviour is determined by the
local carrier concentration in the semiconductor sample. As the probe scans across the sample

surface, a 2D carrer concentration profile can be measured. No signal is measured if the
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probe is positioned over a dielectric or metallic surface since these regions cannot be depleted.
Generally, the tip-sample capacitance is large with respect 1o the capacitance variations due to
different carrier concentrations; thus, capacitance variations are vsually measured rather than
absolute capacitance values. As for the SSRM measuwrements, the scanned surface is the
cleaved edge of the sample, such that capacitance variations as a function of depth into the
samples could be scanned.  The SCM measurements presented in this Thesis were carried
out with a Digital Instruments Nanoscope Dim 3000 microscope provided with capacitance
measurement electronics using commercial Pelr coated tips (NanoSensors GmBH) by
Olivier Doubéret at the Department of Microelectronics and Information Technology, Royal
Institute of Technology, Sweden. The capacitance was measured using 2 sensor operating at
915 Mtz with the tip-sample bias controlled separately by low-frequency ac and dc voltages.
As for the SSRM measurements, the sample cross-section was obtained by manual cleaving.
The native oxide formed on the cleaved surface by air exposure served as a thin oxide between

the tp and the sample.

249  Photoluminescence (PL)

2% s a very powerful and non-destructive spectroscopic technique for
Iy p P P g

Photoluminescence
studying the intrinsic and extrinsic properties of semiconductors. This technique requires only
a small amount of material and is particulardy useful for semi-insulating materals where
electrical contact is difficult. A reasonably monochromatic optical excitation source (such as a
laser) is used 1o create electron-hole pairs in the sample. These photoexcited carriers then

diffuse and recombine 1o generate photons (luminescence) with characteristic energies related

to the bandgap. The resulting luminescence can generally be classified into three categories:
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Figure 2.8 Schematic representation of the photoluminescence setup. Courresy H
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and/or acceptor levels

deep level wransitions, in which the recombination at deep impurities/ defects occurs

near band-gap wansition, which is due to exciton or electron-hole pair recombination

shallow impurity transition, which is due to the recombination of related shallow donor

(typically >100 meV from the bottom of the conduction band)

By using light of different energies (above or below the band gap), differert energy

levels may be probed. In standard PL measurements, light with an energy greater than the
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band gap is used, and in good quality materials, transition (i) dominates. 'The photoexcited
carriers then diffuse and recombine to emit photons. Due to the lower energy states in
quantum wells, the diffusing photoexcited carrlers are preferentially trapped in the wells and
the recombination of the electron-hole pairs generates photons with energies characteristic of
the quantised energy levels of the wells which can then be collected and analysed. Detailed
theory and aspects of PL and optical processes in semiconductors may be found in references
32 and 33.
For photoluminescence measurements performed at the University of New South
Wales, a schematic of the setup is shown in Figure 2.8, In this case, a 4 W Coherent Innova 70
Tonpure water-cooled Ar ion laser is used as the excitation source. The laser has several lines
but in this work an excitation wavelength of 514.5 nm is used. ‘The specimens for PL
meastrements are mounted with vacuum grease on a closed-cycle Liquid He cryostat. The laser
beam is directed onto the sample through a chopper operating at a few hundred Hz. 'The
resulting luminescence is then collected by a Si photodiode with 2 built in preamplifier via a set
of lenses and a 0.75 m SPEC 1702/04 specwrometer. The signal from the photodetector is
analysed by a lock in amplifier, which is tuned 1o the frequency of the chopper. A deskiop
computer is then used to control the spectrometer for a wavelength scan and also records the
PL signal.
For PL measurements done at the Australian National University, a red diode laser
operating at 670 nm, and an InGaAs photodetector through a 0.5 m monochromator were

used.
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2410  Time Resolved Photoluminescence (TRPL)

Time resolved photoluminescence™ measurements done for this work used luminescence
upconversion spectroscopy in the pump-probe configuration, The output pulse train from an
ultratast laser is divided into two. The semiconductor sample under investigation is excited by
one pulse train (pump) and the luminescence from the sample is collected using standard
means and focused on a nonlinear crystal. The second pulse train (probe), which is delayed
with respect to the pump by introducing an oprical delay in its path, is also focused on the
nonlinear crystal, overlapping the spot from the luminescence. The angle between the two
beams and the angle of the nonlinear crystal are adjusted for phase matched sum-frequency
generation at a given luminescence photon energy. The time resolution is limited by the laser
pulse width, and the group velocity dispersion in the nonlinear crystal, The luminescence is
then monitored 1o observe the changes in the sample produced by the pump. The time
resolution obtained at the nonlinear crystal is detected in a time integrated manner by photon
counting electronics after being dispersed by a spectrometer. If the relative delay berween the
two beams is scanned, the time evolution of the luminescence at a given photon entergy can be
acquired. Time resolved luminescence spectra can be obtained by keeping the delay fixed and
synchronizing the scanning angle of the noalinear crystal and the spectrometer. Analysis of
samples using this technique was done both at the University of New South Wales and the
Royal Institute of Technology in Sweden. Those measurements performed at the former were
done by Dr. 1. V. Dao at the School of Physics, The University of New South Wales, using a
femrosecond self-mode locked Tisapphire laser. The laser was tunable between 750 and 900
nm, the pulse wadth was 80 fs, the repetition rate 85 MHz, and the output power was 200 mW

at A =780 nm. Measurements performed at the latter location were done at the Department of
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Microelectronics and Information Technology by A. Gaarder and Prof. S. Marcinkevidius,
using an upconversion set-up with excitation at 80C nm and PL detection at the band gap

wavelength, also with a femrosecond Tisapphire laser.

2.411  Time Resolved Differential Reflectance {(TRDR)

A pump-probe setup similar to the time resolved photoluminescence is used in this technique,
where, by chopping the pump beam and using 2 lock-in amplifier, the changes in the reflected
probe as a function of the time delay berween pump and probe pulses are measured. Typically
the probe is much weaker than the pump. The data are typically presented in the form of
normalized Differential Reflectance given by AR/R, = (R ~R}/R,, the change in reflection AR
= R -R, induced by the pump pulse divided by the reflection of the probe in the absence of

the pump, R,

The dynamics in a pump probe reflection experiment are determined by coherent and
incoherent effects, Interpretation of differential reflectance results is more difficult than for
luminescence measurements since this is a nonlinear techuique while the latier is 2 linear
technique. When the dme scale is comparable to or shorter than the dephasing times of the
system, the pump-probe signal can be viewed as the diffraction of the pump beam in the probe
direction. Thus, the semiconductor Bloch equations are required to calculate the third order
nonlinear polarization radiating in the probe direction {(which corresponds to the pump-probe
signal}, Tncoherent effects can be divided into many-body effects and occupation effects.
Many body effects include changes in the energy band structure (such as band gap
renormalization or a change in the exciton binding energy), broadening of energy levels, etc.,

and depend strongly on the photoexcited density as well as whether the system consists of
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excitons or free camiers, Occupation effects are due to changes in the optical properties or
transition rates brought about by the nonequilibrium occupation of certain states. For further
details regarding the interpretation of the reflectance measurements, the reader is directed to
Ref. 24. Samples were analysed at the Australian National University and the Royal Institute of
Technology in Sweden. In the former location, measurements were done by Dr. M. J. Lederer
and V. Kolev at the Laser Physics Centre, in the Research School of Physical Sciences and
Engineering. 75 MHz, 100 s pulses from a mode-locked TiSapphire laser were tuned to a
wavelength of 895 nm, exciting the samples with pump fluences (Frunp) of 50 pficm Zorh
pleni?, In the katter location, A, Gaardner and Prof, S, Marcinkevidius also did degenerate ‘TR
experiments at the Department of Microelectronics and Information Technology, Roval
Institute of Technology, with a central pump and probe wavelength of 1600 nm and an optical
parametric oscillator providing pulses of 80 - 150 fs duration, where the probe intensity was

0.01 of the pump intensity.
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CHAPTER 3

Structural, Electrical and Optical

Properties of Ion Implanted InP



3.1 Introduction

Indium phosphide (InP), and its denvatives, is one of the top material science fields on today's
compound semiconductor scene. It constitutes the fourth wave in semiconductor materials,
the first of which started with germanium based transistors, which was surpassed in the early
1960s by silicon device technology, and which was then followed by the emergence of GaAs in
the late 1980s. Si technology continues to dominate the semiconductor industry, while GaAs
is the material of choice for high performance, high volume commercial applications. InP
offers many advantages over GaAs in fibre-optic, millimeter wave and wireless applications.
In fibre-optics, InP is the only semiconductor technology that allows photodetectors and lasers
w0 be integrated on the same substrate with other analog and mixed signal functonality,
yielding advances in lntegraton and cost reduction. In the wireless industry, InP-based
amplifiers provide significant performance improvements, such as lower power consumption,
high linearity and low temperature sensitivity, that significanily enhance battery life and
reception. In millimetre-wave applications that are beyond the capabiliies of GaAs or Si, InP
devices can casily be fabricated for passive imaging and other applications that are just
emerging in the marketplace. Noted especially for its incredible operating speeds, the industry’s
key systems integrators of broadband fibre-optic and wireless components are moving rapidly
in the direction of employing InP based components for their next generation communication
systems. Silicon technologies are being displaced by InP at the heart of many leading edge

applications.

In spite of this, there continues 1o be a sigaificant lack of InP processing experience
while companies attempt to move the InP process from the research lab into the production

line. Establishing correlations between material characteristics and device performance for InP
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is crucial for stable and successtul fabrication. With this in mind, thorough investigations are

presented here into the characteristics of jon implanted InP.

Ton implantation into InP is not a new topic for study, although a comprehensive
investigation into the effects of implantation, correlating structural, optical and electrical
measurements, has not been presented before. An initial motivation for a study of the effect of
ion implantation on InP was the interest already displayed in low temperature grown (IL.T-) and
ion implanted GaAs, which had been found to have ideal propertics for the fabrication of
ultrafast photodetectors™. A more thorough discussion of the considerations for achieving
this particular aim in IoP, as well as in InGaAs, is provided in Chapters 5 and 6. Here we
focus on a general study inmo the damage resultng from ion implantation into InP as a
function of dose, annealing and implant element, and the corresponding optical and electrical
properties. P, As, Ga and In were chosen as implant elements because they were either group
I or group V and were not known dopants in InP, thus it was hoped that any chemical
effects would be minimised. Interestingly, we find that the amount and type of damage
induced in InP by implanting with different elements does not scale with ion mass. The defect
accumulation and agglomeration was specific to each element and played an imporant role in
determining the electrical and optical properties of the material. The electrical characteristics
of ion implanted InP are dominated by the formation of shallow donor-like defect levels, while

the optical characteristics are controlled by deeper levels within the bandgap.

3.2 Experimental

The implantations for this work were carried out on ST (100} InP substrates {doped with Fe) at

200°C because of the known sensitivity of this materal w amorphisation when implanted at
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room temperature, with the sample tilted at 7° from the normal direction of the beam w
minimise channeling effects. Inttial dose dependent snudies were carried out using P ions with
doses ranging from between 107 and 10" cm®. A comparison with the results of these studies
was done using In ions, where doses were scaled In order to yield approximately the same
maximum damage as for the previous P ion implants. For studies into the effect of
implantation with different elements, the dose was kept at 10" cni?, and apart from P and In,
As and Ga ions were also implanted. The energies of these elements were 1, 3.3, 2 and 2.1
MeV, respectively, as chosen from Transport of Lons in Matter (TRIM) simulations, such that
the peak damage was located approximately 1 jum from the surface. For studies into the effect
of post-implant annealing, temperatures ranged from 400 to 700°C, and the annealing time was
30s. Samples were mpid thermally annealed in an Ar aumosphere with InP proximity capping

to minimise out-diffusion of P and a corresponding In buildup at the surface.

Structural studies used double crystal X-ray diffractometry (DCXRD) and cross-sectional
transmission electron microscopy (XTEM). Electrical characteristics of the samples were
determined by Hall effect measurements using the van der Pauw geometry, with sintered
indium metal ohmic contacts, as well as scanning spreading resistance microscopy (SSRM) and
scannung capacitance microscopy (SCM). The samples for SSRM and SCM consisted of
epitaxial InP, about 2 gm thick, grown on n* InP substrates, which were then implanted with
the different jon species.

Optical characteristics were measured with tine resolved photoluminescence (TRPL)
and time resolved ditferential reflectance (TRDR). Some of the measurements were perfomed
on p -InP epilayers (free carrier concentration ~3.4 x 107 ¢} grown on SI InP substrates.
The former technique used a femtosecond self-mode locked Tisapphire laser, with a LG,
nonlinear crystal. The laser was tunable between 750 and 900 nm, the pulse width was 80 fs,
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the repetition rate 85 MHz, and the output power was 200 mW at A=780 nm. The latter
technique used a standard wavelength-degenerate pumg-probe setup. 75 MHz, 100 fs pulses
from a mode-locked Th:Sapphire laser were tuned to a wavelength of 895 nm, exciting the

samples with pump fluences (F,,,) of 50 pJ.em® or 5 yf.em?,

3.3 Structural Studies

Observing the changes in the InP lattice structure resulting from implantation, both in terms
of induced strain as well as the defective pature of the material - apart from being an
imteresting study into the kinetics of damage in this particular semiconductor compound - also
gives a great deal of information which can help exphin the resulting optical and electronic
properties.  After investigating the effect of implanting at different doses, the effects of
implaating with different ions and subsequently annealing at different temperatures are

explored.

3.3.1  Deose dependence

Figure 3.1 shows the DCXRD rocking curves for 1 MeV P ion implantation at 200°C for
implants to different doses, The main peak located at O arcsec corresponds to the signal from
the substrate, and features on either side of this are caused by layers of in-plane compressive
{expansion in the growth direction) and tensile strain {compression in the growth direction) in

the sample. A thicker strained layer will in general increase the amplitude of the peak, whilke
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the distance from the ceneral peak gives an indication of the difference in lattice spacing (or %
strain) with respect 1o the substrate. The lowest dose produces a rocking curve essentially the
same as an unimplanted sample. The stmin increases as the dose is increased, and for
implantation to a dose of 10" cm?, extensive damage has occurred in the sample. A transition
in the type of damage has occurred between the doses of 10 and 10% cm® Hypothetical
strain profiles can be used to simulate these DCXRD spectra, using the Takagi-Taupin theory’.
For example, Figure 3.2 (b) shows a strain profile that has produced a spectrum similar to that
of the 10°° coa® P ion implanted case, as shown in Fig 3.2 {a). The shape of this sinwlated
profile s taken from the known damage profiles induced by ion implantation, where the peak
damage region is expected 1o experience expansion in the growth direction (in the case of 1
MeV P ion implmts into InP, at a depth of approximately 1 um), and thus in-plase
compressive strain. The expansion results from excess atoms (interstitials) that have migrated
there after being ‘kicked out” of their original lattice positions, not to mention the presence of
the implanted ions themselves, Nearer the surface, the damage is expected to consist mainly
of vacancies, which would cause compression in the growth direction, thus in-plane tensile
strain. As far as the simulations in Fig 3.2 are concerned, the periodic fringes on the negative
angle side of the rocking curve were created by the layer of in-plane compressive stain
{positive Aa/a), while the broader feature for 8/20 berween 0 and 100 arcsec was created by a
layer of in-plane tensile strain (negative Aa/a). This modeling tells us that the features in the
rocking curves are, in particular, very sensitive to the strain gradient. A fairly shallow gradient
as dlustrated in Fig 3.2 (b) will result in perodic fringes, while 2 steeper gradient will
approximate well defined layers and produce a single peak (for each layer), such as for the 10"

and 10" cm? implant case in Fig 3.1.
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Figure 3.3 shows the rocking curves for 3.3 MeV In ions at 200°C as a function of
dose, where the doses in this case were scaled so that the same level of damage was created as
for the P ion implants in Figure 3.1. Essentially a similar trend with dose is observed,
suggesting that it is the amount of damage that determines the strain in the sample, thus akso
the DCXRD features, and not any chemical effects which might be caused by implantation
with different elements. Differences in the spectra for the highest In and P ion dose implants
are mainly due to the differences in the strain gradient.

3.3.2  Implant element and annealing dependence

Figure 3.4 shows the DCXRD spectra for 200°C 10* cm® implants with P, As, Ga and In ions
as a function of agnealing temperature. P and As ion implantation produce similar spectra -
and presumably similar types of damage - whilst slightly different behaviour is observed for
ihe Ga and In ion cases. From the previous dose dependence studies it could be assumed that
these differences in behaviour are ulttmately due to the different levels of damage that are
created by implantation to the same dose for each element. However, predictions of the
extent of damage rely principally on the atomic mass of each element. It would then be logical
1o assume that implantation with Ga and As ions, whose atomic masses are very close together
{~69 and 75 amu, respectively, when compared to 31 for P and 115 for In) would produce
DCXRD spectra with the greatest similarity, Instead we find that the similarity is closest
between P and As ion implanted samples, This is the first indication that more complicated
darmage accumulation processes are occuring during the implantation of InP with different

elements. The spectra for Ga implantation show the same periodic fringes as those for P and
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As on implantation, but over a narrower angle range. These fringes are still present after
annealing at 700°C, when for all other samples evidence of major damage has been annealed
out at 600°C. Possibly, the recrystallisation processes durng annealing are being affected by the
implanted Ga atoms. In implantation does not vield periodic fringes ar all; moreover, there is
no peak corresponding to a compressively strained layer. From these results, since the Bragg
condition for diffraction is no longer satisfied, it could be concluded that the region of
maximum damage in these samples is amorphised (and hence not detected in DCXRD), or
else so defective that the signal from this region is not distinguishable from the general noise in
the spectrum. Unlike the case for As and P ion implants, both Ga and In ion implants result in
broad features at /26 ~ 600 arcsec, which are assumed 1o be due to in-plane tenstle strain
resulting from the vacancyrich region close to the surface. The larger FWHM of the main
peak observed in all the samples when annealed ar the highest temperatures, compared to that
of the unimplanted sample, is indicative of residual defects in the material.

Etching as well as XTEM measurements allow more precise identif:cation of the depth
and types of damage which generate these features in the DCXRD measurements. Figure 3.5
(2) shows X-ray rocking curves for InP implanted with 2 MeV As ions to a dose of 10" cm?,
and then etched with 100% HC in successive 10 second intervals. Clearly, the in-plane stran
tensile features close to the substrate peak come from the 0.8 pm nearest the surface, while the
periodic in-plane compressive sirain structures result from a narrow layer ~ 1 pm into the
sample. Figure 3.5 {b} shows the results for a similar experiment performed on 2 10' caa® In
ion implanted sample. These measuremesnts show that the broad fearures at large positive

angles come from within the first 0.2 pm from the surface, and again that the in-plane tensile

strain features closer to the substrate peak are generated in the first 0.8 pm from the sudface.
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Figure 3.5 DCXRD spectra for (a) 2 MeV As and (b) 3.3 MeV In ion
implanted InP at 200°C to a dose of 10" cmi? as a function of etch depth.
Spectra vertically shifted for clanty.

Figure 3.6 shows the XTEM images for SI InP samples implanted with As, Ga and In
ions, both prior to and after annealing at 700°C for 30 5. The contrast in the images is caused
by strain resulting from lattice defects, although point defects or small clusters, which produce
only a small amount of strain, are not detectable. A thin layer of damage is visible ~1 pm
from the surface in all of the as-implanted samples, which corresponds to the depth of
maximum damage/ion range predicted by the TRIM simulations, In combination with the
information already gleaned through the DCXRD/etching experiments described above, this
points to the layer of maximum damage as being the region responsible for the periodic
fringes. Annealing causes the visible damage o ‘spread’ vertically. This phenomenon suggests
that the majority of lattice defects in the as-implaned samples are in the form of point defects
or small clusters. During the annealing process, agglomeration of these small lattice defects

£Isues,
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Figure 3.6 Cross sectional TEM images of As ion as-implanted (2) and
annealed (b), Ga ion as-implanted (¢} and annealed (d), and In ion as-
implanted {e) and annealed {f} semi-insulating InP, Aanealing was for 30
seconds at 700°C. Arrow indicates surface.
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Tt is clear from the images that the In ion implantation has not resulted in amorphisation in the
sample, but the damage is greater than for imphntation with the other elements. Importamly,
the type of damage is dependent on implant species: As ion implantation results in a thin layer
of loops and clusters which spreads into a thicker layer of larger loops after annealing; Ga ion
implantation results in a sitnilarly thin layer of loops and clusters which spreads into a thicker
fayer of high density loops and clusters after annealing; and In implantation results in & thick
layer of damage including stacking faults and loops, which spreads into a thicker layer of large
loops and defects after annealing. ‘The XTEM scans provide the strongest evidence that the
atomic mass of the implant species is not the only factor in determining the degree and type of
damage produced in InP, and that the defect accumulation and annihilation mechanisms

duting implantation and annealing are different for each implant species.

Summary

We have seen how single MeV implants into semi insulatung InP using P, As, Inand Ga ions
have resulted in a layer of defects 1 pm from the surface corresponding to the maximum
damage/ion range as predicted by TRIM sinwlations, This layer is responsible for in-plane
compressive strain features in DCXRD measurements. In plane tensile strain occurs in the
region between the peak damage and the surface, and is probably due to the creation of lagge
amounts of vacancies there. Damage increases as the dose is increased, and annealing ar high
wemperatures allows for formation of more extended complex defects such as loops which
spread along the growth direction. The strain profiles and types of damage were similar for P
and In lon implants when the doses were scaled using TRIM to give the same maximum
damage. For implants at the same dose, As and P ion implants resulted in similar damage,
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whereas damage was different for Ga and In jons, clearly llustrating that damage did not scale

with implant ion mass.

3.4 Electrical Studies

With the ultimate aim of producing optoelectronic devices from implanted InP, it is important
to study the implant-induced changes in the electrical properties of this semiconductor. As it
turns out, the electrical characteristios of this damaged material play a crucial role in
determining its feasibility for devices, due to certain defects which cause highly conductive
regions, where in other semiconductors, under the same implant conditions, highly resistive

materials are formed.

341  Dose dependence

In Fig 3.7, Hall effect measurements on the samples implanted with P and In jons at 200°C,
whose DCXRD specira were shown in Figs 3.1 and 3.3, illustrate 2 similar evolution of
electrical characteristics as a function of equivalent doses, The equivalent doses are defined as
the doses at which the same number of atomic displacements were created for 1 MeV P and
3.3 MeV In ion implants (simulated using TRIM). An unimplanted, semi-insulating (SI) InP
wafer has a mobility {14, of approximately 2000 co®V'’s™, sheet carrier concentration N, of 10/

cm? and sheet resistance R, of 3 x 10° Q/[0. Implanting at the lower doses changes the

material from S to #-type, reducing R, to the 10° €2/[7 range, increasing N, to ~10¥ cm® and
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Figure 3.7 Effective mobility pi,q (a), sheet carrier concentration N, (b} and
sheet resistance R, {c) as determined by Hall measurements, for implants at
200°Cinto SI InP.. Bottom scale: as a function of 1 MeV P dose; top scale:as
a function of 3.3 MeV In dose. Top and bottom dose scales are aligned to
indicate equivalent atomic displacements for P or In jon implants, as
calculated by TRIM.

reducing the effective mobility to the hundreds of cr’V''s', As the dose is increased, R,
becomes progressively smaller, sinking 10 ~5 z 10° /I for the highest dose. The sheet

cartier concentration increases to a maximum of ~2.5 x 10" em? for a 1 MeV P dose of 10¥

cm? (equivalent to 2.07 x 10" cm? for In ion implantation), before decreasing at the highest
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dose. The effective mobility, 5, decreases to the tens of coo®™V's™ for a 1 MeV P ion dose of
10" can’®, and does not exceed 100 cm®V's™ at the highest dose. These changes must of course
be artributed to the implanration induced defects.

As illustrated in the earlier XTEM images, the damage created by ion implantation into
InP at elevated temperatures consists of point defects and their complexes™, as well as more
extended defects such as clusters and loops, Of the point defects, the most common in InP
are phosphorus and indrm vacancies, as well as intersutials, which often form pairs with
vacancies and antisite defects. Some of these point defects have donor levels very close to the
conduction band. In particular, these are the phosphorus vacancy, the phosphorus antigite,
and the indm interstitial.  The antisite defects in II-V materials have been intensively
studied, and particularly in defective GaAs, the arsenic antisite was found to be responsible for
its semi-insulating behaviour’: in As ion implanted GaAs, the main carrier traps were found 1o
be mid gap As-antisite defects, similarly as in low temperature grown (LT-) GaAs.”

In InP, the presence of these defects has a different character, creatng » -type free
carriers”, LT~ grown InP provides a useful source of comparison when atterpting to explain
the electrical behaviour of ton implanted InP, in the same way that implanted GaAs was found
to behave similardly to LT-GaAs. Tt has been found’ that LT-InP epilayers were highly
conductive and that a dominant intrinsic deep level defect was present in concentrations as
high as 10" cm”, The mechanism responsible for the n-type conductivity was attributed 1o an
abundant presence of P, antisites, which are known shallow donors™, introduced during off-
stoichiometric InP growth at low temperature.

Being smuller than indium, phosphorus can easily migrate ar high annealing
ternperatures and occupy In vacancies produced dunng implantation, thereby creating P

antisites and P vacancies. While the P antisite is a shallow donor, the P vacancies are deep
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donors”. Overall, this is a strong indication that in implanted InP, the electrical properties are
determined by phosphorus related defects, as was the case for LT InP.

Apart from these point defects, the implantation and annealing will also result n
extended defects such as loops and clusters, whose overall electrical configuration is unknown,
but which ultimately could be playing 4 significant role in determuning the electrical properties
of the material.

The results shown in Figure 3.7 can therefore be explained in terms of production of
shallow donors as well as other defects which act as carrier traps. Implantation reduces the
sheet resistance and mobility and increases the sheet cardder concentration when compared o
the original S1 values, due to the production of shallow donor levels. As the dose is increased
this trend continues unti a 1 MeV P jon dose of 10" cm?, ora 3.3 MeV In ion dose of 207 x
10" cm®, above which the sheet carrier concentration reduces and the effective mobilicy
increases, while R continues to decrease slightly. At this highest dose, as was shown in the
DCXRD measurements of Figures 3.1 and 3.3, there appears to be a transition in the type of
damage created in the sample, presumably causing a different distribution of the different types
of defects, which results in a variation from the general rend. Indeed it would be expected at
the higher doses that 2 greater concentration of extended defects would form, while at the

lower doses point defects would predominate.

3.42  Implant element and annealing dependence

The post implantation evolution of Hall effect measurements as a function of annealing
temperature for the samples which were implanted to 10% cm? with all four ions is shown in

Figure 3.8. Prior to annealing, the sheet resistance is reduced from the SI values 1o ~4 x 10°
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Q/01, and the mobility is reduced to 180, 40, 45 and 113 cod’V's! respectively for
itoplantation with P, As, In and Ga tons. For angealing temperatures above 300°C, R i
further reduced to tens or hundreds of Q/T0 and N, becomes very large, indicating the
presence of shallow donorlike levels. Annealing at temperatures above 600°C has generally
increased mobilities to ~ 1.5 tmes the unimplanted value, with the exception of Ga ion
implantation. As for the DCXRD results, P and As ion implanted samples have practically
identical electrical behaviour as a function of annealing temperature. Annealing at 600 and
700°C, for Ga and In ion implantation, yields materials with higher sheet resistances and lower
carrier concentrations than for Pand As jon implantation.

Disruption of the Fe doping sites, whose role in the substrate is to compensate for
inevitable shallow donor formation during crystal growth, may have allowed the intrinsic
donors to re-activate and contribute 1o the large sheet carrier concentration. "The presence of
this effect is also indicated by the very high mobility values for annealing at 700°C. However,
the typical Fe doping concentration is 10" cm, resulting in a sheet concentration of 107 cm®
ina 1 um thick layer of InP. Thus, even if all the Fe acceptors were deactivated, the maximum
increase in N, that could be achieved by this mechanism is of the order of 107 em?® At
annealing temperatures greater than 500°C, N, is in excess of 10" e, This provides further
evidence that the shallow donor-like levels are created by defects in the crystal structure self,
as a result of the implantation: and annealing process.” Annealing, by allowing for defects to
migrate, be annihilated or form complexes with other defects, seems to provide the conditions
for more shallow donor levels o form, as evidenced by the low values of R..

In order to glean more informauon about the effect of the non-uniform damage

profile caused by the implantation, scanning spreading resistance microscopy (SSRM) and
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Figure 3.8 Mobility {(a}, sheet carrier concentration {b) and sheet resistance
* {¢) as a function of annealing temperature, for P, As, Ga and In ion implated
SI InP,

scanning capacitance microscopy (SCM) measurements were performed on all four samples.
Fig.3.9 (a) shows a typical SCM image obtained in the dC/dV-mode for Ga implanted InP
annealed at 600°C.  Ar this annealing temperature - as was illustrated in the structural
measurements of Figs. 1-3 - significant defect migration and agglomeration is expected to have
occurred in the samples, thus causing highly resistive regions with thicknesses that are different

to what is expected for a 2 pm InP epilayer grown oa an #*-InP substrate, In this mode, the
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SCM signal monotonically increases with decreasing carrier concentration. That is, 2 brighter
contrast corresponds to regions of lower carrier concentration and darker contrast to regions
of higher carrier concentration, for example the substrate { ~ 10" cmr?). The contrast band (R1)
is attributed to the epi/substrate interface region at a depth of ~2 pm. The reduced carner
concentration in this region could be due to defects at the interface or migration of defects
from the implanted region. The dark band (R2), from about 1 to 2 um, shows a low SCM
signal and corresponds to a free carrier concentration value comparable to the substrate. In
region R3, the bright band followed by a dark region close to the surface is indicative of
strongly decreasing carrier concentration.

Fig. 3.9(b) shows a typical image obtained with SSRM for Ga ion implanied 1aP
annealed at 600°C. The de bias applied to the sample was -1 V., The contact berween the
diamond coated tip and InP is known to be Schottky-like, nevertheless, it is possible to relate
the sample doping to the measured resistances™. Compared to the SCM image, a shift in the
features R1, R2 and R3 towards the surface can thus be observed. The substrate appears dark
due 1o low resistance. The contrast at the epi/substrate interface region is not as pronounced
as in SCM, but section analysis of the image shows a decreasing carrier concentration, The
contrast in region R2 consists of a bright narrow band (high resistance) at about 1 pm and dark
bands on either side, ie. a low resistance comparable to the substte. The location of this
slarrow band corresponds to the expected location of the implantation peak. Contrast in region
R3 Is indicative of increasing resistance towards the surface, consistent with the SCM mmage.
Thus, the observed inhomogeneity in the electrical properties is qualitatively consistent with
XTEM results. Below, we compare the results obtained for the different samples, that is, for

different implantation species and different annealing temperatures.
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Figure 3.9 Ga ion implanted InP annealed at 600°C: (2) Representative SCM
(dC/dV mode) image. The ac and dc biases were respectively 2V and OV and

{b) Representative SSRM image. The dc bias was -1V.

Typical SSRM and SCM results (line scans) obtained on P, As, Ga and In ion
implanted [nP (dose = 10" coy?) annealed at different wemperatures are presented in Figures
310 - 3.13 (a) and (b}, respectively. Scanning across the sample edge was avoided so as not o
have adverse effects on the measurements. The position of the zero of the distance-axis does
not coincide for all the curves, but the origins are still within a maximum of 200 nm from the
edge.

Both SSRM and SCM data show that the epilayer is highly resistive for all the samples
annealed at 400°C, which is consistent with the Hall effect measurements. For Ga and As ion
implants, a small peak in resistance is observed approximately 1 pm into the epilayer and its
location corresponds with the expected maximum implantation depth. Correspondingly for
this region, the SCM signals (Figs. 3.11 and 3.12(b)) are uniformly zero and sear 1 pm no

special feature could be distinguished. For intrinsic doping levels, due to the very large Debye
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lengths, the SCM signal remains close to zero irrespective of the ac bias applied®. Beyond the
epi-substrate interface region, approximately 2 um ~ 3 pm, the resistance drops by two orders
of magnitude, to the substrate level of about 10° €. As discussed earlier, the SCM signal shows
a peak in this region. In the P and In ion implanted samples, the sharp high resistance peak
appearing at the 1 um depth is not observed.

As the annealing temperature is mncreased (500°C and 600°C), dramatic changes are
observed. Defect diffusion and agglomeration such as have been illustrated in the XTEM
scans will occur; the consequences of annealing on the electrical properties in the sample will
therefore depend on the resulting spatial distribution of the defects. For the Ga and As ion
implanted samples, the SSRM profile sall shows a pronounced high-resistance region at about
1 pm. The observed location of this peak for the different samples is within 200 nm, which, as
mentioned earfier, is within the error in the origin. On either side of this region the resistance
is lower - forming two conductive layers above and below the main damaged region - and
finally in the Ga ion implanted sample annealed ar 600°C it is comparable to that in the
substrate. For the As ion implanted sample, annealing at 600°C has resulied in only one,
thicker, conductive layer, showing how the defect migration and agglomeration mechanisms
vary for implants with each of the four ions.

Towards the surface the resistance is seen 1o increase, especially at the higher annealing
temperatures, Because the defects in this surface region are not expected to exist in great
concentrations (due to being in the ‘tail’ of the damage profile), and probably mainly consist of
vacancies and other point defects, the annesling temperatures used here are most likely
sufficient to anneal out all of these defects, resulting in a highly resistive surface region. By
contrast, the resistance progressively decreases in substrate/epilayer interface region. In the

XTEM scans of Fig 3.6, defects were shown to extend deeply into the sample after annealing
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Figure 3.10 SSRM and SCM line scans obtained for the P ion implanted InP
samples annealed at 400°C, 500°C and 600°C. (@} SSRM resistance profiles.
(b) SCM profiles (dC/dV mode).
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Figure 3.11 SSRM and SCM line scans obtained for the Ga ion implanted
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at high temperatures, thereby smoothing owr the interface as far as electrical properties are
concerned. The trends seen in the SCM data are also consistent with the overall conclusions
obtained from SSRM. From these measurements it is clear that the recovery of electrical
properties after annealing is highly (spatially) non-uniform. In the corresponding samples
where Hall measurements have been performed, one can conclude that the measured
mobilities would correspond primarily to the low resistance regions.

Similar measurements were performed on InP samples implanted with As, P and In
ions. Although the overall features in the SSRM and SCM profiles obtained for the As ion
implanted InP are similar to those found for Ga jon implanted samples, the latter case was
invariably more resistive. For exarople, for 600°C annealing, the resistance in regions framing
the maxinum implantation peak was much lower in the As ion implanted sample compared to
the Ga ion implanted sample; the observed resistances in these regions were nearly one order
of magnitude lower than the doped substrate. This is consistent with the higher conductivity in
Hall measurements obtained for the As ion case,

For the P ion implanted samples - at 500°C annealing and above - both SCM and
SSRM show that most of the epitaxial layer, except close to the surface, is highly conducting,
In this case there is only one (thicker) conducting layer, which is more or less centred around
the depth of peak damage at 1pm. Thus, damage produced by implantation with P ions is
sufficient to produce high concentrations of donors, whose auto-ionised electrons are not
impeded even in the region of peak damage.

Drastically different results were obtained for the In ion implanted samples. Even at
600°C, the characteristic zero signal was obuined in the majority of the epilayer in SCM.
Correspondingly, SSRM measwrements show very high resistance. This appears wo be in

comtradiction to Hall measurements. FHowever, close to the implantation peak, a very low
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resistance region was observed; its resistance s about five times lower than the substrate level.
Such 2 region would form a highly conducting channel and explains the resistance data
obtained in Hall measurements.

These results give detailed information about how the electrical characteristics are
locally modified after annealing and how this modificatior. depends on the implanted species.
It would appear that the most conductive region is at a depth of 1.5 - 2 um. This depth
corresponds to the interfacial region in the samples prepared for SSRM and SCM.

These resuls give detailed information about how the electrical characteristics are
modified by annealing or implantation with different elements. We see that for samples
annealed at 400°C the epilayer is behaving Iike an insulator. For P ion implantation, annealing
at 500°C creates a conductive layer which occurs at a depth of approximately 1 pm into the
sample, and for annealing at higher temperatures this conductive region expands (which is
consistent with the broadening of the defective regions after annealing seen in the XTEM
scans). For Ga and As jon implantation, annealing at higher temperatures results in intriguing
electrical characteristics, in that 2 double layer of conductivity is formed above and below the 1
pm mark; again for the highest annealing temperature these layers broaden and become more
conductive. Given the known shallow donor formation in implanted and annealed InP, it is
expected that the highest concentration of these donors would exist in the region of maximum
damage. Thus, it makes sense that a layer of high conductivity would be formed at this depth,
as is the case for P ion implants. The double conductive layer seen in the Ga and As ion
implanted samples could be explained as follows: the donors are created in the highest
concentration in the region of peak damage, but due to the large amount of scattering and
trapping cencres caused by implams with this ion, the mobility and carrier concentration at a

depth of 1 pm is very fow and thus the paths of least resistance lie above and below the
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damage peak. For Ga ion implants, the overall resistance of the ept-layer remains relatively
high and is consistent with the sheet resistances obtained from Hall measurements. In the case
of In ion implants, the high resistance regions seen in $SRM (and SCM) in the majority of the
ept-layer together with 2 very low resistance {narrow) region close to the implantation peak is

once again consistent with the observed trends in Hall data.

Summary

Electrical charactenistics measured by Hall effect followed the trends found in the structural
studies, where similar behaviour was observed when P and In ion implants were done using
doses scaled w give the same maximum damage; also similar characteristics were observed for
P and As ion implants at doses 1o 10% cta®, Logically, the electrical characteristics depend on
the type and quantity of defects created by implantation with the various ions. Increasing the
dose or annealing the damaged material caused the resistivity to drop sharply, due to the
phenomenon of shallow-donor formation which was identified as being one of the most
important charactenstics of implanted InP. Amongst other native defects, it is most likely that
this shallow donor takes the form of a P antisite.  SSRM and SCM measurements have shown
how a single conductive layer positioned at the depth of peak damage is created by
implantation. with P and annealing at 600°C. Two conductive layers centered around the
region of maximum damage are created for implants with As and Ga ions, although annealing
at 600°C in the former case causes these two conductive Jayers to merge into a single one.
The double layers are explained by the high scattering of carriers in the region of maximum
danmage - which are otherwise produced at this same location ~ causing conduction to occur in

the paths of least resistance which exist above and below this region. Damage produced by In
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ion implants is greater and causes high resistivity throughout the region affected by the

implanted ion.

3.5 Optical Studies

The optical properties of implanted InP can provide a great deal of information about traps
within the materal, as well as being of interest for potentially useful characteristics in
optoelectronic devices. The implanted InP samples were studied both using time resolved
photoluminescence (TRPL) and time resolved differential reflectance (TRDR). Time resolved
photoluminescence allows us to obtin characteristic times for the removal of carriers from the
conduction and valence bands (which is important for ultrafast photodetector applications).
The damage caused by ion implantation results in a great number of traps within the bandgap,
which, apatt from enhancing the possibilities for nonradiative recombination, allow for much
faster radiative recombination of the photogenerated carriers - via cascade mechanisms - than
for undamaged material. Generally speaking, as-impianted material contains too many defects,
resulting in recombination which is dominated by nonmdiative processes, or else radiative
recombination with charactenstic lifetimes well below the detection limit of the experiments.
Annealing allows for some recovery of the lattice, and hence, only those samples which had

been annealed at the higher temperatures were chosen for optical analysis.

351  Dose dependence

Figure 3.14 shows the TRPL decay time of P-implanted p -type InP (carrier concentration ~

3.4 x 10¥ em™) for different jon doses after annealing at 600°C for 30 seconds, The PL
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Figure 3.14 Plot of time resolved photoluminescence decay tmes as a
function of dose for 1 MeV P ion implaatation of p -InP (~3.4 x 10V cm”)
at 200°C, and subsequently annealing by RTA at 600°Cfor 30s. The value for
200°C 1 MeV P ion implantation into SI InP to a dose of 10" cm?
implamtation into 8T InP is also shown for comparison.

magnitude is proportional o the product of the free electrons and holes at the band edges, and
its decay gives the most divect picture of carrier wapping. Time resolved photoluminescence
on undoped or FedInP has yielded electron lifetimes of the order of hundreds of ps” P -type
material was used in this case as part of 2 study which will be presented in Chapter 6, however
the decay times measured on this material are of a similar magnitude to the SI material, as
shown in Figure 3.14. As the ion dose is increased, thereby causing more damage and creating

a greater concentration of traps, the carrier lifetime decreases.
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352  Implant element and annealing dependence

The relationship between the measured carrier lifetimes and implant ion mass, after annealing
at 600°C and 700°C for 30 seconds, is depicted in the TRPL measurements on SI InP samples
of Figure 3.15, Annealing at 700°C results in longer decay times than for annealing at the lower
temperatures, as more defects are annealed out and consequently there are fewer trapping
cenires. In general, the liferime does decrease with increasing ion mass, as would be expected
since greater concentrations of defects have been correlated with shorter lifetimes, however
the Ga ion implantation does not fir this pattern. Implantation with Ga lons produces the
shortest decay times (0.66 ps at RTA 600°C), even though the mass of this jon is similar to As,
The shorer decay time is consistent with the evidence of greater structural damage in the
DCXRD spectra at these annealing temperatures, the high concentration of small clusters
observed after annealing in the XTEM images, and the corresponding fact that the mobilicy at
the same annealing temperatures does not reach the high values that it does for the other
samples, Figure 3.15 once again Hlustrates the fact that the characteristics of the implanted
muterial, in this case the decay times, do not scale with ion mass, A drawback in TRPL
measurernents Is the high, compared to the band gap, excitation energy. This establishes long
times for electron relaxation to the bottom of the band, which, in turn, results in long PL rise
times and prolonged PL decay times. In a study on LT GaAs it was shown that, for ultrashort
electron lifetimes, the process of electron scattering to the bottom of the band affects the PL
transient, and the PL decay becomes considerably longer than the electron trapping time.”
Figure 3.16 presents the time evolution of normalised differential surface reflectivity
(dR/R} of P and As ion implanted SI InP samples, for annealing at 700°C for 30 seconds.
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These measurements are done with an excitation energy equivalent to the bandgap,
thus removing electron scattering considerations. Typically, these differential signals originate
in the refractive index change An, induced by the optically generated carriers. Since the
measwement wavelength (4 = 895nm) is shorter than the band gap wavelength (Aze =

$17nm), An and dR/R are both positive. Comparing the signal from the unimplanted sample
{dashed curve in 3.16(b}} with those from implanted samples ilustrates the drastic change
induced by ion implantation and annealing.

The mnitial peak in all cases corresponds to the pump-probe correlation, after which
carriers thermalise, undergo cooling and trapping, and for long delay times (tens of ps - not
showr), undergo recombination processes” ™. In the data, taken with a purp fluence of 50 pJ
x cm’, there is a slight ‘shoulder’ visible foliowing the pump-probe correlation peak. This may
be auributed to hot carrer dynamics, induced by two photon absorption at high pump
fluences {compare insets for low fluence excitation). Figure 3.16 cleardy shows that even at
high annealing temperatures traps still exist, in agreement with the DCXRD results. 'The data
for low pump fluence (5 puf x cm®) were normalised after the background values were
subtracted, and the delays at which the dR/R value fell to 1/e were taken as characteristic
trapping related response times. These were 0.9 ps in the P ion implanted case and 0.6 ps in
the As ion implanted case.

In spite of the abovementioned advantages over TRPL, imterpretation of TRDR
transients is much more complicated than that of TRPL because the reflectivity is sensitive 1o
changes both in the absorption coefficient and refractive index. In additon, TRDR
measurements are sensitive not only to the bleaching effect induced by the band-to-band

absorption, but also to changes in carrier concentration, free carrier absorption etc. On the
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other hand, studies on LT GaAs have shown that the initial fast decay of TR transients is
mainly determined by the carrier trapping. %

Summary

Response times for the implanted material, whether measured by tdme resolved
photoluminescence or differential reflectance, decreased with decreasing annealing temperature
and increasing dose. Unlike the electrical characteristics, the optical measurements provided
information regarding deep trap formation as a result of implantation. As for the structural
and electrical studies, it was found that the optical response times did not scale with jon mass.
The shortest response times were for Ga ion implantation for annealing at 500°C, which
corresponded well with the high density of small clusters observed in XTEM scans as well as
the decreased mobility observed for implanting with this element in the Hall effect

measurements.

3.6 Conclusion

As the X-ray and TEM experiments in this Chapter have revealed, a large density of defects
exists in the samples after implantation that are arranged in layers, as expected from a mon-
uniform implant damage profile. The strain profile of these layers is modified by annealing,
which allows for recrystallisation and agglomeration into clusters as well as migration of the
original defects. The resulting defect profile is responsible for the opucal and electrical
properties measured in jon implanted and annealed InP. We have seen how the damage

created in the samples depends crtically on the implart species, and thar Ga ion implantation,
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with its production of closely spaced small clusters, results in unique electrical and optical
characteristics.

One of the main electrical consequences of implantation inte InP has been the
formation of shallow donorlike levels, in particular the level associated with the P antisite.
Atter implantation, the samples tum 2 -type and experience a decreased sheet resistance as the
implantation dose and annealing temperature are increased, and at high doses and annealing
temperatures exhibit electrical properties sumilar to LT InP. Thus both implantation and
subsequent annealing allow for ever greater concentrations of shallow donors to form. The
layered damage in the samples has in some cases resulted in multiple conductive paths through
the samples, as was shown by SCM and SSRM measurements. Extended defects in the regions
of maximum damage coincided with regions of high resistivity where conduction does not take
place, though it is likely that these more complex defects correspond to a high concentration
of deep traps. As far as the optical characteristics are concerned, it is these deep traps which
control the response times, due 1o their role as recombination centers. For annealing at 600°C,

it was possible to obtain subpicosecond Ietimes in the implanted samples.
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CHAPTER 4

Electrical Isolation of n1- and p -InGaAs



4,1 Introduction

A study into the nature of defective InGaAs is essential for accumulating a base of knowledge
from which defect engineering in this material can be developed. This Chapter focuses on the
electrical chamcteristics of implanted InGaAs, and deals with the issues that are encountered
when trying to maximise the resistivities using this technique of damage creation. Devices
such as photoconductive detectors, guard rings and field-effect transistors are some examples
of the applications where high resistivity InGaAs could be put to good use”. However, the
eiectrical properties of defective InGaAs pose some problems when it comes to creating a
highly resistive material. Similarly to InP, undoped InGaAs is # -type with 10"-10% cm’
inadvertent donors’, and Fe doping during wafer growth is necessary to make the material
semi-insulating (SI). Apart from doping, high resistivities can also be achieved ar the post-
growth stage by using light ion implantation, where free carriers can be trapped by implant-
induced deep levels that are not thermally ionised at device operating temperatures. Ion
implantation provides a method whereby regions on a wafer or device can be electrically
‘isolated” with precise depth control, and offers an alternative to mesa etch technology while
also being compatible with planar technology. Studies into isolation have already investigated
GaAs", AlGaAs’, GalN’ and InP®", and provide quite different results in terms of the
maxiomun  achievable resistivity depending on the intrinsic characteristics of each
semiconductor. In the case of GaAs, resistivities greater than 107 ohm.cm have been produced
by implanting # - or p - type layers with fons such as H, B or O Isolation of #-IaP has
achieved maximum resistivities of the order of 10* ohm.em™*. p -InP has been isolated with
maximum resistivities of 10° ohm cm, although the implant dose was found to be critical

because above the maximum isolation dose, the implant induced donor levels reduce the

74



resistivity to the 10° to 10* ohm.cm range™**¥. To explain this limiting value that occurs for
both 1+ and p -InP, it has been postulated that donors and acceptors are created by the ion
bombardment™*,

Qualitatively similar results have been obtained with implant damage in InGaAs”#,
Because of its small band gap (0.74 eV at 300K), resistivities as high as in GaAs or p - InP are
not expected to be achievable in InGaAs. The highest attainable room temperature resistivity
in Fe or Cr doped InGaAs is only of the order of 10° ohm cm due to this low band gap and
high intrinsic carrier concentration (o, ~9 x 10" cm” at 300K, considering m’,/m, =0.0041 and
my/m =057, Arsenic antsites in InGaAs create shallow donors and, together with other
merinsic defects such as an As vacancy and a group HI (In or Ga} imerstitial, prevent
fabrication of highly resistive InGaAs layers by low-temperature growth™. Steeples e al®
reported resistivities greater than 10 ohmuem in In, ., Ga, ,As as a result of proton or deuteron
bombardment, but otherwise efforts to isolate InGaAs using multiple ion bombardments have
resulted in resistivities which do not exceed the value of the Fe doped material

Multiple implants have been used extensively in isolation studies because of the ‘box’
damage profile which can be created with this method. An alterate method is to use single
implants at jon energies which place the peak of the damage profile well imto the substrate,
such that the epilayer of interest lies in the relatively uniform ‘tail’ of the profile. There are
advantages 1o both methods. Single implans, in their simplicity, are ideal from a device
manufacturing point of view. Moreover, this technique allows for # sitw measurement of
resistivities as a function of cumulative dose, whereby the optiroum dose for isolation can be
pinpointed. This technique is ideal when the substrate material remains semu-insulating after
implantation. Multilayer implants have been used exclusively, and with good reason, when

investigating InGaAs epilayers, because the InP substrates they are inevitably grown on



become n-conductive when implanted. Thus the multiple implants have been done at energies
which Jocate all of the damage in the InGaAs epilayer. However, this method does not allow
for thorough 1 st studies of dose dependence. Annealing can be used to modify the post-
implant resistivities, but is complicated by the added shaliow donor formation which occurs
when implanted InGaAs is annealed {similarly to InP).

Keeping the above issues in mind, we have chosen in this work to apply the single

implant technique into #- and p - InGaAs epilayers grown on InP substrates.

4.2 Experimental

Three 0.5 pm p-Ing;Ga, ,As epilayers were grown with free carrier concentrations of ~3.5 x
107, 8 x 107 and 7.8 x 10" cm® on semi-insulating {100) InP substrates. Similary, three 7 -
In,5Ga, ,As epilayers were grown with carrier concentrations of ~5 x 10%%,2.7 x 10V and 12
x 10¥ cor’. The room temperature sheet resistance of the samples was measured  siw in the
absence of light after ion irradiation of C, O, Li and H ions with energies of 2, 2, 0.7 and 0.6
MeV respectively, with the samples tilied at 7° from the normal direction of the beam to
minimise channeling effects. At these implant energies, the peak damage lies 2 um below the
surface for G, O and Ly, and 6 um for H ion implantation; in other words the ions penetrated
through the InGaAs and well into the InP substrate, thereby creating a uniform damage
distribution in the epilayer. Using the data from these experiments, new samples were
irractiated at specific doses and then underwent a cunmlative annealing process to analyse the

thermal stability of the electrical defects.
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43 p-InGaAs

Figure 4.1 {a) shows the evolution of the sheet resistance, R, in p -InGaAs samples with an
initial free carrier concentration of ~8 x 10V em®, during implantation with O, C, Li and H
ions. As the mass of the implanted ion is decreased, the dose required to isolate the material
Increases.

For implants with O, Cand Li jons, there is a sharp rise in R, to its maximum at the
critical dose, D, with a steep drop off for higher doses. Rao @ 4% also found 2 very close
compensation trend when implanting H, He and B ions into p - InGaAs, although their
maxunum valies of R, were one or two orders of magnitude lower than what we have
achieved here. Moreover, Rao & 4l showed that for implants with these three ions, a kind of
parailel decrease in R occurred beyond the critical dose which can also be seen for implants
with O, C and Li ions in Figure 4.1, This is unlike typical isolation work done on other
semiconductors such as GalN or AlGaAs™, where beyond the critical dose, there is a dose
range where the sheet resistance remains faidy constant as the dose is increased. Such a
plateau in sheet resistance can be achieved when implanting into semiconductors whose
implant-induced defects act solely as carrier traps, and the value of the measured resistance in
the plateau region results from the parallel association of the isclated layer resistance and that
of the SI substrate. The similarity between this work, and that of others where multiple-energy
implants were done such that the substrate was not damaged, excludes contdbutions from the
InP substrate as a possible explanation for the results. Besides, in work done on implanted
InP by Boudinov & 4/*°,, a plateau with high sheet resistivities was seen in both 7~ and p- type
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of 24 nA/cnd’. (b) The estimated vacancies/ion/cm calculated using TRIM
vs critical dose obrained from data in (@), with a Linear best {it of slope ~0.8.

material for much higher doses than D, which indicates that contributions from a
conducting region located deep in the InP substrate are unlikely, Rao e 4, via mobility
measurements and measurement of the carrier concentration profiles as a function of depth,

concluded that the sharp decrease in R, was due w swamping of the p -InGaAs with electrons

caused by shallow donors. Our caleulations indicate that the damage created in InGafs, which
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sits in the tail of the profile for implants with O, Cand Li ions, is similar to what would have

been created using the multiple implant scheme of Rao & 4/ Hence we conclude that 2z -cardier

swamping in the epilaver is the likely cause of the decrease in R,
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H ion implantation. presents a slightly different case. As expected for such a light ion,
Dg has a very high value, with a maximum value of R that is more than two orders of
magnitude fess than what can be achieved by implantation with the other ions. The decrease
in sheet resistance beyond Dy, is much gentler as well. The different dependence of R; on

dose beyond D¢, may be due to a different type of damage induced by the higher doses that
are needed to achieve isolation with this jon. On the one hand, at the higher doses, it is
expected that clusters and other complex defects would be created in abundance, while at the
lower doses it is expected that point defects are the main type of damage. On the other hand,
H is such a light ion that dynamic annealing is expected to be very strong in the
semiconductor, which may mean that complex defects are prevented from forming except at
extremely high doses. It is interesting to note that in previous work on both GaAs and InP,
there were indications that hydrogen-induced damage is different and less effective than
damage produced by medium mass ions such as deuterium, helium, boron and beryllium™**
¥, For example, for H ion doses as high as 10¥ cm®, no extended defects were observed by
transmission electron microscopy in GaAs prior to annealing™®,

Figure 4.1 (b) plots the estimated vacancies/ion/cm {(as calculated from TRIM
sunulations) vs critical dose, Dg, and gives an indication of the linear relationship between the
mass of the implanted ion and D, The slope calculated from the best fit is approximately
0.83. This value differs slightly from the slope of ~1 that was calculated by Boudinov & al ™,
but again this difference is expected to be due to the contribution from the shallow donoss.

Figure 42 (a) depicts the dose dependence of the sheet resistance R, of p -InGaAs

samples irradiated with 2 MeV O ions only. If the inttial free carrier concentration is increased,
a higher dose is required to isolate the material Figure 4.2 (b) plots the linear relationship

between initial free carrier concentrations of the samples and Dy, a5 determined from the C, G,
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Li and H jon implants. For C, O and Li jon implantation, the slope calculated from the best fit
is ~0.7, and for Hion implantation it is ~0.6.

Figure 4.3 shows the thermal stability of defects introduced by H, Li, C and Ojion
implantation at a varety of doses around the Dy, for each ion, as determined by cummlative
rapid thermal annealing. All anneals were carried owt for 60 second intervals. The maximum

annealing temperatures for which R, remained high were 350°C for O ion implantation, 300°C

for C and Li jon implantation, and 200°C for H ion implantation. At the higher doses, more
complex defects, having a higher thermal stability, are created, thus electrical isolation of the
samples s more thermally stable when created by implanting at higher doses. In keeping with
this picture, the thermal stability of the defects responsible for isolation decreases with
decreasing ion muass, as once again it Is expected that ions of greater mass will produce more
complex defects than those of smaller mass such as H.

As has been found for isolation of GaAs and InP, both donor and acceptor levels are
created during implantation, which, depending on whether the material is initally p - or -
type, provide the carrier traps and cause the isolation. In the case of InGaAs, the types of
point defects caused by the disordered lattice and which could be donors are: an arsenic
vacancy, group I1I (In or Ga) interstitials, or an arsenic antisite”. Energy levels associated with
the As antisite have been measured approximately 0.032 eV below the conduction band (07 +)
in InGaAs” and in analogy with GaAs a deeper donor level is expected approximately 0.26 eV
below that. An increase in 7 - conductivity which has been found for ion implanted InGaAs
can be associated with the formation of shallow donors such as the 0.032 eV Jevel due to the

As antisite, The deeper donor levels created by these same point defects will be the ones
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behaving as hole traps in the case of p -InGaAs. A DLTS study by Pelioie & el of a p -
10,5,Gag,As layer found a majority carrier trap (hole trap) with activation energy 0.08 eV, Rao
et . and Kunzel et ol ® have both reported the presence of a donor with an energy of ~43 -
50 meV below the conduction band edge for low temperature grown InGaAs, which has been
associated with excess As and therefore could also be due to the As anusite.

In addition to point defects, more complex defects such as clusters and loops are
expected to be produced in abundance during ion implantation, especially for the higher doses;
these will also play a role in the trapping of majority carriers. Unfortunately such defects have
been too complex to treat with modelling techniques at the time of writing, and any deep levels
measured in studies such as DLTS and caused by these defects have remained unidentified.

Summary

Isclation of p - InGaAs epilayers achieved maximum resistivities of ~ 10" Q/[0 for single
implants with O, C and L, after which R, decreased due to the onset of #~ carrier swamping.
This effect also had the characteristic of a parallel decrease in R, beyond the critical dose. H
ion implants achieved much lower maximum values for the sheet resistance because isolation
was truncated by a different #- carder swamping at the high doses, The linear dependence of
the vacancies/ion/cm on threshold dose had a slope of ~0.8, and that of the initial free carrier
concentration had 2 slope ~ 0.7 (O, C and Li ion implants) or ~ 0.6 (H ion implant),
respectively. The thermal stability of defects responsible for the isolation was much lower than
was found for isolation in other materials such as GaAs, and increased with increasing dose

and also implant ion mass.
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4,4 n-InGaAs

A similar series of experiments was performed for 0.5 pm 2 - InGaAs epilayers with carrer
concentrations of 5 x 10%, 2.7 x 107 and 1.2 x 10" cm™. Figure 4.4 shows the corresponding
results for implantation with O, C and Li and H ions into samples with # ~2.7 x 107cm”.
Once again, decreasing the implant ion mass results in a higher threshold dose. The maximum
values of R, achievable by implantation into # - InGaAs are of the order of 6 x 10* Q/[1,
which is three orders of magpitude less than with p - InGaAs. This is due to the shallow
donor formation within the epilayer. This behaviour is similar to what was found in isolation
experiments with InP™, 'The increase of R, with increasing implant dose is much more gradual
than for isolation of p - InGads, as is the decrease of R, beyond the critical dose (except for
H). This is because the isolation of #- In(GaAs is purely dependent on the formation of deep
acceptors, which must also trap the electrons caused by shallow donor formation. Of the
possible point defects, cation vacancies and antisites are expected to play a role in this
regard™; acceptor levels can also be formed by more complex defects (as yet unidentified in
the literarure). Dy, is higher by approximately an order of magnitude for implantation with the
same ion at the same energy when comparing # - InGaAs to p -InGads, reflecting the slower
accumulation of deep acceptors with increasing dose. The slope calculated from a linear fiv of
the vacancies/ion/cm versus threshold dose depicted in Figure 4.4 (b} in this case is slightly
above 1, but again the effect of the shallow donors is expected to be influencing the results.
We have seen that for p-InGaAs, a sharp decrease in R, {or heavier ion implants was
associated with hopping conduction, and a shallow decrease for H ion implants was associated

with 72- carrier swamping. It would seem that for - InGaAs the opposite effect has occurred,
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Figure 4.4 (a) Dose dependence of sheet resistance of n-InGaAs samples
with an initial free electron carrier concentration of ~ 2.7 x 10Y cmr®,
irradiated with 2 MeV C, 2 MeV O, 0.7 MeV Li and 0.6 MeV H ions, with a
beam flux of 24 nA/cm® (b} The estimated vacancies/ion/cm calculated
using TRIM vs critical dose obtained from data in (2), with a linear best fit of
slope ~1.

with a shallow decrease in R| for heavier ion implants, and a sharper decrease for H ion

iraplants. H ion implantation resulted in similar maximum values of R at the eritical dose as

for p - type matedal, and this maximum value is comparable to that achieved by implantation

with the medium mass ions. Extremely large doses are requited to achieve isolation in # -
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concentration of the samples vs threshold dose obtained from data in (a),

InGaAs by H ion implantation; above a dose of 10" cm®, R, drops off sharply. At such large

doses it is likely a very large concentration of defects has been created and possibly a hopping
conduction mechanism has dominated the electrical characteristics at these doses.

Figure 4.5 shows the results of Cion implantation into #- InGaAs layers with differing
initial free carrier concentration, The critical dose increases very slightly and the maxium
value of R, decreases with increasing initial free carrier concentration. The slope calculated
from the linear best fit in Figure 4.5 (b) is 0.5.

Figure 4.6 shows the effect of cumulative annealing on samples that were implanted at
specific doses above and below the critical value. As forp- InGaAs, the thermal stability of
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defects created by implantation with ions of low atomic mass is less than for implantation with
tons of high atomic mass. For implantation with the same ion, the thermal swability is greater
for - InGaAs, but this also reflects the higher doses required to achieve isolation. Defects

were stable up o 450°C for O, 400°C for Cand Lt and 250°C for H ion implants,

Summary
Isolation of #-InGaAs epilayers achieved maximum resistivities of ~10 - 10° ©/[] for single

implants with C, O Li ions and after which R decreased due to the onset of shallow donor

swamping; the samples remained # - type for all doses, Higher doses were required to isolate
the material when compared to p - InGaAs. H ion implantation required doses exceeding 10"

cm? to isolate the material, above which the material became heavily damaged and R,

decreased sharply, most likely due to hopping conduction. The linear dependence of the
vacancies/ion/cm on threshold dose had a slope of «~ 1.1 and that of the initial free carrier
concentration has a slope of ~ 0.5, The thermal stability of defects was similar to that for
implants into p -IaGaAs, though slightly higher due to the higher doses required for isolation
in this case.

4,5 Conclusion

Higher resistivities are achievable by implantauon into p -InGaAs as compared to #-InGaAs
epilayers on InP, due o the shallow donor formation which occurs when implanting into these
materials. In general the thermal stability of defects responsible for isolation is much lower
than for isolation of GaAs or p - InP, although this does not present a serious issue at normal

device operating temperatures. While slightly higher thermal stability can be achieved for
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implanting into the » - type material, better electrical isolation is obtained in the p - type
material. Interestingly, the values of R, obtained here are an order of magnitude greater than
those measured by many others"'™” who have used multiple energy implantation techniques.
This shows the advantage of the single energy implant scheme, where the peak damage is
locared in the substrate, since the possibility of i siw resistance measurements allows
optimization of the implant dose for maximuim isolation in both 2 - and p - InGals epilayers.
All indications are that a contribution from the InP substrate is not significant. Using this
method has allowed us to thoroughly investigate the dose dependence of implant induced

isolation in the InGaAs-on-1nP system.
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CHAPTER5

Ion Implanted InP for Ultrafast

Photodetector Applications



5.1 Introduction

Ultrafast processes in semiconductors hold the key to the development of next generation
optoelectronic devices. Ever since the fabrication of the first terahertz laser sources in 1983,
photodetectors with the capacity to process pulses within picoseconds have been needed.
Terahertz imaging is a field which continues to grow r:;.pidiy because of its large number of
uses, which include high-resolution spectroscopy, atmospheric and astrophysical remote
sensing, and imaging with unique contrast mechanisms. Apart from this, optical
communications, the internet, broadcasting and computing now demand enormous
bandwidths such that future devices will need to respond on picosecond (10%%) or even

femtosecond (10s) timescales.

The potential of defective semiconductors as matedals for use in ultrafast
photodetectors was first realised in 1988, when it was discovered that low temperature grown
GaAs (LT- GaAs), after annealing, had sub-picosecond optical responses as well as high sheet
resistivities and good mobilities'”.

Good mobilities within a photodetector are necessary for transport of carriers from the
region where they are photogenerated, to the region where they are collected as electrical
signals. High sheet resistivities are essential for making devices with low leakage or dark
currents, which will then be more sensitive to low intensity optical signals and less susceptible
to heat fatigue.

Naturally, InP is one of the ideal semiconductors to choose for the latter application,
because its bandgap allows operation at infrared wavelengths (~900 nm, which can be used in
plastic optical fibre communications for metropolitan and access networks) and because it is

widely used as a substrate for InGaAs photodetectors. However, for ion implanted InP to be
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useful as a material for ultrafast photodetectors, its shallow donor-like levels discussed in
Chapter 3 must be compensated for, while maintaining the characteristics of high electron
mobility and very short camier lifetimes. Two ways of achieving exactly that are described in

this chapter.

5.2 Experimental

Both semi-insulating (SI) InP and p -type InP wafers were used for this work. In the former
case, samples were implanted with 2 MeV Fe* ions at 200°C to doses between 10" and 10'
cor?, followed by annealing at temperatures between 500 and 900°C for 30 seconds. In the
latter case, a 1.5-um thick p -InP (p ~ 1.3x10"® cmi”) layer was grown on a similar semi-
insulating (100) InP substrate, and implanted at 200°C with 1 MeV P* ions to doses between
10% and 10" cm? and also annealed at 500 and 600°C for 30 seconds. As for previous
experiments, the ion energies were selected to locate the peak damage 1 um below the surface.
Structural, electrical and optical properties were measured using the same techniques as
described in the experimental section of Chapter 3, however the setup for the optical
measurements was slightly different. Time resolved photoluminescence measurements were
performed at room temperature using an up-conversion set-up based on a self mode-locking
Tk sapphire laser (80 fs, 95 MFz, 770 nm). The average excitation intensity was between 1
and 100 mW, a spot diameter ~ 20 pum, which corresponds to a photoexcited carrier density
between 1.1x10¥ and 1.1x10” cm?, respectively, when reflection losses and averaging over
one absorption length are taken into account. The temporal resolution of the measurements
was 130 fs. The PL transients were measured within a spectral window of 20 nm centered at

the band gap wavelength of 920 nm.
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5.3 MeV Fe ion implants into SI-InP

Nominally undoped InP is z- type*, and one way of compensating for donor levels to produce
semi-insulating InP is by using a known dopant, such as Fe. When Fe ions occupy In vacancy
positions’® and/or form complexes with P vacancies,’ they produce electrically active deep
acceptors, thus providing an effective trapping centre for any free 7- carriers.

Apart from doping during wafer growth, ion implantation can be used to introduce Fe
atoms into the matrix. A preliminary study into the dose dependence of the electrical
characteristics of InP implanted with Fe is shown in Figure 5.1. A competition between the
shallow donors and trapping centres leads to the observed changes in N, i and R.. The
effective mobility initially decreases with dose as the amount of damage is increased, but is
quite large for the highest dose of 10™ cm®. ‘The sheet carrier concentration follows essentially
the opposite trend: increasing with dose, presumably due to the production of donor levels,
and decreasing beyond 10” cn®. The large amount of damage created at the highest dose may
be causing the decrease in sheet camier concentration due to the large number of trapping
centres. The increase in mobility at a dose of 10" coi? is unusual, although the mechanism
responsible for this is not easily identified, since it is likely that multiple conduction paths are
present in the sample, as flustrated in Chapter 3. R initially increases and is largest for a dose
of 10" cm? at approximately 1.1 x 10° Q/[J. Implantation reduces the initially semi-insulating
value of the sheet resistivity from ~10° to 10°-10° Q/[0, due to the shallow donor formation.
For the two higher doses, the Fe ion implantation produces values of R, which are similar to
those for P, As, Ga and In ion implantation already discussed in Chapter 3. Figure 5.1 can be
compared to Figure 3.7, where the larger values of R are obtained for the lower doses; in this

regime there is not sufficient damage for creating large concentrations of donor-like defects.
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Figure 5.1 Effective mobility, pq, sheet carrier concentration, N, and sheet
resistance R, as a function of dose for 2 MeV Fe ion implantation into SI InP
at 200°C, as determined by Hall effect measurements.

Because these measurements were done prior to annealing, it is assumed in all cases that Fe
activation has not occurred and that the electrical characteristics are due to native defects
caused by disorder within the lattice itself. The maximum values of R, reported here are in

good agreement with previous work into isolation of InP by ion irradiation’.
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Figure 5.2 X-ray rocking curves as a function of dose for 2 MeV Fe ion

implantation,

For this same dose range, we can look at the structural effects of the damage using
DCXRD and XTEM. Figure 5.2 shows the relevant X-ray rocking curves. When compared
with Figure 3.1, the evolution of the strin profile for Fe ion implants into InP appears to be
quite similar to the case for implanting with P or In ions, XTEM scans in Figure 5.3 provide a
different picture, however, and at the highest dose implantation results in an amorphised layer
which is approximately 210 nm thick. Hence, the amorphisation threshold is lower for Fe ion
implantation than for implantation with P, As, Ga or In ions. Once again a simple correlation
between atomic mass and amount of damage or amorphisation threshold cannot be made,
since Fe in fact has a lower atomic mass than In, although the latter element produced no

amorphisation for implants at a dose of 10" coi®, In a related finding, Gasparotto e 4.
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Figure 5.3 XTEM of Fe implanted InP to doses of (a) 10" and (b) 10 cm®
at 200°C. Arrow indicates surface.

reported that low Fe solubility in InP and a high Fe reactivity with the implantation induced
defects resulted in strong Fe redistribution and precipitation effects.

Given that the highest value of R is obtained for a dose of 10* cm?, and thar the
structural damage was found to be extreme for the higher doses, annealing studies were
pursued only on samples implanted to this particular dose.

Fig. 5.4 shows the corresponding Hall effect results for annealing of 10" cm? Fe ion
implanted InP at temperatures up to 900°C. Without annealing, the sample is 7 -type, and R,
has been reduced from the original semi insulating value of ~3 x 10°Q/0 1o ~ 10° Q/[1.
Increasing the annealing temperature causes R, to decrease further, until at 600 - 700°C the
conductivity changes to p -type. The sheet carrier concentration, N,, at low annealing
temperatures is similar to that produced by P ion implantation with P and In, As and Ga ions.

For annealing at 600 and 700°C, N, reaches a maximum of 1.2x10" cm®,
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Figure 5.4 Dependence of effective mobility (a), sheet carrer concentration
(b) and sheet resistance (c) on annealing temperature for SI InP samples
implanted with 2 MeV Fe ions at a dose of 10" cm™,

As for all single-epergy implants, the Fe distribution profile in these samples is
nonuniform,” and it is more than likely that several layers with different conductivity are
present. The samples probably have a layer of # -type conduction near the surface, but, at
appropriate annealing temperatures, are fully compensated or p -type in the region where the

peak concentration of implanted Fe lies. Hence the Hall effect measurements will reflect a
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Figute 5.5 Photoluminescence transients for Fe-implanted InP (dose: 10"

cm?) annealed at different temperatures.

combination of the properties of these layers, or else the properties of a particular layer that
constitutes the path of least resistance.

The results of time resolved photoluminescence on 2 MeV Fe ion implanted InP
samples to a dose of 10" cm? as a function of annealing temperature are shown in Figure 5.5.
Time-resolved PL measurements provide information on the rate of carrier trapping into deep
centers and, under certain experimental conditions, of carrier recombination. In combination
with the electrical properties just mentioned, these measurements have allowed some msight
into the origin of the active traps.

On the time scale of interest, the temporal changes in electron and hole concentrations
occur mainly due to carrier trapping, because radiative recombination is a much slower process
and occurs in panoseconds. Figure 5.5 shows that the decay times vary with annealing

temperature. Since the concentration of Fe in all the samples is the same, the PL dynamics
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must therefore be determined by photoexcited carrer trapping to residual defects left after
annealing rather than Fe-related defects (possibly Fe’*/Fe®* centers), which, otherwise, are
efficient carrier recombination centers with similar electron and hole trapping rates.” The PL
decay times, extracted from the exponential fits to the PL transients, are in the range from 130
fs to 46 ps for the samples annealed at 500 to 900°C. For the 500°C sample, the decay time was
obtained after initial deconvolution of the PL transient with the pulse cross-correlation trace.
No signal could be obtained for the unannealed sample for which the decay time 1s probably
even shorter.

For all the Fe ion implanted samples, the PL decay times are basically independent of
the photoexcitation power. The excitation power dependence often allows us to distnguish
between trapping and recombination centers: at carrier densities higher or similar to trap
densities, saturation of traps occurs, increasing the PL decay times. For the recombination
centers, no such saturation is expected, For the 500°C sample, judging from the ultrashort
trapping time, the trap concentration may be too large to reach saturation even for the highest
photoexcited carrier densities. For the other samples, the independence of the decay times on
excitation power suggests that the defects, where carrier trapping occurs, are efficient
recombination centers.

The defects responsible for the electrical and optical behaviour of the samples
discussed in this Chapter will have two sources: the native defects already discussed in detail in
Chapter 3, and defects associated with Fe incorporation into the InP lattice. For these Fe ion
implanted samples, the conductivity type changes from nto p, and the sheet resistance, lowest
for the intermediate annealing temperatures, increases sharply for annealing temperatures

above 800°C. These results can be explained by a competition between shallow Py-related
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Figure 5.9 Arrhenius plot of the inverse PL decay time for Fe ion
-implanted and annealed InP layers (circles). The squares show the
data for the P-implanted samples suggesting a similar slope to that

of InP:Fe.

donors and deep Fe-related acceptors. For the annealing at 600°C and 700°C, the shallow
donors are already activated, but the Fe-related acceptors are not yet created at concentrations
large enough to compensate the shallow donors. An increase in the annealing temperature
causes Fe ions to diffuse and occupy In vacancy positions® and/or form complexes with P
vacancies,” producing electrically active deep acceptors. Consequently, the resistivity increases,
and the equilibrium carrier concentration becomes very small as the annealing temperature is
increased. The mobility in the as-implanted case is low, as expected for a material with a high
concentration of defects. Upon annealing at 500°C, p increases to ~ 300 cm’V's™ as the
concentration of defects is reduced. The mobility then decreases with increasing annealing

temperature as the degree of compensation of the material is increased.
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Whilst the change in electrical properties with implantation dose and annealing
temperature demonstrates an interplay between the implantation-induced shallow donors and
compensating acceptors, the PL dynamics is determined by deep carrier traps and
recombination centers. Some insight into the origin of these defects can be obtained when
plotting the PL decay rates as a function of the inverse annealing temperature in an Arrhenius-
type plot for the Fe-implanted samples (Fig. 5.6). As can be seen, all the points, except for the
900°C annealed sample, fall on a straight line producing an activation energy of 1.27 +0.05 eV.
This energy can be interpreted as energy needed to remove cartier traps by thermal annealing.
The concentration of traps is proportional to the inverse PL decay time; with annealing
temperature increased from 500 to 8C0°C the trap concentration decreases over two orders of
magnitude,

The obtained activation energy can be compared to 1.2 €V determined from the RBS®
and theoretical calculations' for P vacancy migration and annihilation. Since phosphorus
vacancies and their complexes,” ' forming the deep traps, are produced during implantation in
abundance, they are plausible candidates for recombination centers determining the
photoexcited carrier dynamics. These centers should be important for all Fe ion implanted InP
samples, except for the one annealed at 900°C, for which a deviation from the Arrhenius
dependence suggests a different origin of the main carrier traps. This origin is probably Fe-
related. Indeed, for 2x14 cm?® Fe dose implanted at 200°C, the iron concentration within the
first micrometer from the surface is expected to be non-uniform based on TRIM simulations.
The concentration of Fe is estimated to be in the range of 10" ~ 10" cm?®. This matches fairly
well to the expected 3x10" cm™ density of Fe’*/Fe’* centers, which would be responsible for

the PL decay time of 46 ps, if trapping only to such centers were considered.’
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P vacancies and their complexes are produced during implantation independently of
implantation species. Thus, vacancy-related recombination centers should be amongst the
most important defects for carrier dynamics in any kind of implanted InP samples. To a
certain degree, this is confirmed by similar trap activation energies for the Fe and P implanted

samples (Fig. 5.6).

Summary

The expected chemical interaction of the Fe ions with the matrix have resulted in yet another
form of damage (as compared to implants with P, As, Ga and In ions) which amorphises the
material when implants are done to 10" cm®. Correspondingly the sheet resistivities of
samples implanted to the higher doses are in the low 10° /[0 range, due to shallow donors;
for a dose of 10" cmi®, R, reaches 10° /[, where the damage is not so great. Fe ion implants
into SI InP did result in subpicosecond lifetimes, the shortest time being measured for
annealing at 500°C, however activation of Fe complexes, responsible for formation of deep

traps which provide effective compensation for shallow donors and increase R to the 10° - 10°
Q/0 range, only occurs for annealing at temperatures above 700°C.  Accordingly, it was

found that the recombination centres responsible for the decay times at all annealing

temperatures excepting 900°C were not Fe related.

5.4 MeV P implants into p - InP

An alternate method of compensation for the implantation induced donor levels is to implant

into p -type InP. In this case the maximum sheet resistance will be obtained when the
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concentration of 7 -carriers created by the implantation is exactly equal to the p -carrers
incorporated into the wafer, taking into account the trapping effects of deep levels also caused
by the implaatation.

Figure 5.7 shows the Hall effect measurements for 1 MeV P implantation at 200°C into
two different p -InP wafers of differing carrier concentrations at doses between 10% and 10%
cm?, and subsequently annealed at 600°C. Within this range, a critical dose exists at which
implantation compensates the p -type material. For an initial acceptor concentration of ~3.4 x
10" cm’, an implant dose between 10" and 10" cm? was required. For an acceptor
concentration of ~1.3 x 10”® cm™, an implant dose between 10" and 10" cm® was required.

To pinpoint more accurately the transition dose, a further study was done for implants
at doses between 10" and 10" cm? into the wafer that had a carrier concentration p ~1.3 x
10* cm”. Figure 5.8 shows the corresponding Hall effect results for annealing at both 500 and
600°C. Generally, the sheet resistance R, is smaller for annealing at 600 than at 500°C. For
annealing at 600°C, R, peaks at a dose of 5x10™ cm™ this is where the maximum
compensation is assumed to occur. Above the compensation dose, R, sharply decreases,
presumably due to an increased concentration of shallow donors, which at this point dominate
conduction of the material. Both the mobility and the carrier concentration increase above the
compensation dose. At the lower annealing temperature of 500°C, R, remains fairly
independent of dose, with a value of ~10° Q/[0. The relative insensitivity of R, to the dose
within this range may be due to the fact that 500°C is too low an annealing temperature to

activate a sufficient quantity of donors necessary to significantly affect the conductivity.
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Recombination properties of implanted InP can also be explored on these p -doped P
ion itnplanted samples. The PL decay times obtained by a single-exponential fit for the samples
annealed at 500 and 600°C for high excitation powers (with respect to the concentration of
equilibrium holes) are shown in Fig. 5.9. The PL decay times are much shorter for the samples
annealed at 500°C. The same figure also shows PL decay times obtained for the sample

annealed at 600°C for low excitation conditions. In the p -doped implanted sample, the
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Figure 5.9 PL decay times for P-implanted 1nP samples annealed at 500 and
600°C as a function of implantation dose.

equilibrium holes are trapped to the implantation-induced defects, making them active electron
traps. Thus, for low phowoexcited carrier densities the PL intensity, which is proportional to
the concentration of free electrons and boles, decays with the electron trapping time. For the
high excitation power the PL decay time is longer. Assuming that in this case the electron traps
are filled, the free electron and hole populations decay at the same rate, Le. a new electron is
trapped as soon as an electron trap is made active by trapping 2 hole. Then the PL decays with
half the hole trapping time. The evaluated hole trapping times are around 6 ps and do not
differ much from the electron trapping times, indicating that carrier dynamics in phosphorus
ion-implanted InP is governed by recombination centers as well. This is advantageous for

applications where device operation at high repetition frequencies is required.
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Another interesting observation, which can be made from Fig. 5.9, is a relatively small
dependence of the PL decay time (and the concentration of active traps) on the implantation
dose. For the 600°C annealing, the trapping times decrease by only about 25% when the ion
dose is changed from 10" to 10® cm?, ie. by an order of magnitude. The same tendency holds
for the samples annealed at 500°C. Such behaviour may be understood by taking into account
peculiarities of heavy ion implantation at elevated temperatures. Rutherford backscattering
(RBS) data for Si-implanted InP samples in the literature have shown a broad plateau in the
damage dependence on the implanted ion density for doses extending over several orders of
magnitude, pointing to an equilibrium between defect production, recombination and dynamic

annealing.” Similar data have been obtained for Fe ion implantation at 200°C.*

Summary

By implanting with MeV P ions into p -InP, it was possible to compensate the initial hole
carriers with implant-induced shallow donors. The dose at which conversion of p - to 7- type
occurs corresponds to a maximum in sheet resistivity as measured by Hall effect, and was
greater for increased initial free carrier concentration. For the samples with p ~1.3 x 10" cm?,
a relative insensitivity of electrical and optical characteristics to dose was achieved by annealing
at 500°C.  Additionally, these conditions provided subpicosecond lifetimes and the highest

sheet resistivities, thus making them ideal for fabricating InP which could be used in the

fabrication of ultrafast photodetectors.
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5.5 Conclusion

Both methods - implantation of p -InP with P and SI InP with Fe ions - can be used to
produce a material with subpicosecond response times, good mobility and high resistivity.
From the point of view of the shortest decay times, this is achieved in both cases for the
lowest annealing temperature of 500°C. At this temperature, the PL decay time resulting from
Fe ion implantation into SI InP (130 fs) is shorter than that achieved with P ion implantation
ito p -InP (400 fs) and is due to the greater amount of damage caused by Fe ion implantation
compared to P jon implantation. However, for device considerations, such a difference is not
oo important as 400 fs is a time short enough for most applications in ultrafast
optoelectronics. P ion implantation into p -InP yields a material with a higher sheet resistance
{(~10° ©/00) at 500°C annealing, and both the sheet resistance and the decay time are weakly
dependent on the implantation dose. This is highly desirable from a manufacturing point of
view, where repeatability of results is of the utmost importance. P ion implantation of p -InP in
this dose regime assures that good quality material for devices could be obtained with a relative
nsensitivity to implant dose. In the Fe ion implantation case, the annealing temperatures
needed to produce highly resistive material result in decay times of the order of tens of
picoseconds, disqualifying these materials for applications when both high resistivity and
subpicosecond lifetimes are needed. Additionally, it appears that the dose dependence of the

electrical characteristics of Fe-implanted InP is stronger.
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6.1 Introduction

Ultrafast photonics technology using InGaAs is in particular demand, due to the ideal long
wavelength capacity of this semiconductor; devices operating at the 13 and 155 pm
wavelengths are required in optical fibre communications for the internet, where demand for
increased dara transmission is skyrocketing, and long wavelength capabilities in terahertz
spectroscopy are also needed. Since InGaAs epilayers are often grown lattice matched to InP
substrates, adding the previous studies into ion implanted [nP and InGaAs discussed in
Chapters 3, 4 and 5 to the work presented in this Chapter provides a good understanding of
the entire InGaAs/InP system. Combining knowledge of the electrical and optical properties
of implamted and annealed InP and InGaAs provides an excellent basis for predicting the

properties of implanted InGaAs/InP multilayer systems.

Methods of maximising resistivities in InGaAs have been explored in Chapter 4,
however, the optical properties of such material have not yet been discussed. Others have
found that defective InGaAs grown at low temperatures results in a lower concentration of
arsenic antisites than in LT GaAs, and as a consequence subpicosecond electron lifetimes were
not obtained.” An electron lifetime of 400 fs was only observed in conductive LT InGaAs
heavily p - doped with Be, in which the lifetime was determined by Auger recombination.” On
the other hand, defective InGaAs layers and quantum wells produced using ion- and proton
implantation have shown carrier lifetimes as short as 1-2 picoseconds,* although there was no
corresponding investigation into the resistivity of these layers. Conversely, resistivities of ~10°
Q/1] were measured in jon-implanted InGaAs,® but in these layers the carrier lifetimes have

not been measured. The results presented here, then, are of investigations into methods of
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achieving high resistivity InGaAs layers with corresponding subpicosecond lifetimes through

ion implantation.

6.2 Experimental

Both undoped and p -type Ing;;Ga, ,,As epilayers were used ag starting matesal for the research
presented in this Chapter, and were grown to a thickness of 1.5 pm on semi-insulating (100}
InP substrates by MOCVD. TRIM simulations were used to predict the energy required to
place the peak damage at 1 pm from the surface for Fe and P ion implants, which turned out
1o be 2 MeV and 1 MeV, respectively. Thus, samples cleaved from the undoped wafer were
implanted with 2 MeV Fe ions at room temperature and at 200°C, at doses between 10 and
10" em®. Annealing at temperatures between 500 and 900°C for 30 seconds was subsequently
performed on those samples that were implanted at doses of 10” and 10* cm? at room
temperature. During annealing, an InP proximity cap was used on the substrate and a GaAs
proximity cap was used on the InGaAs epilayer. Samples cleaved from the p -type wafer were
implanted with 1 MeV P ions at room temperature to doses between 107 and 10¥ cm®, and
then annealed at 500°C and 600°C for 30 seconds. The p -material was doped with Zn,
resulting in an initial free hole carrier concentration of ~3 x 10” ¢cm®. For all implants, the
samples were tilted at 7° from the normal direction of the beam to minimise channeling

effects.

Hall effect measurements were carried out using the van der Pauw geometry, with

sintered indium metal chmic contacts.
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Carrier dypamics in the implanted InGaAs layers were studied by time-resolved
photoluminescence (TRPL) and time resolved differential reflectivity (TRDR). TRPL
measurements were performed using an upconversion set-up with excitation at 800 nm and PL
detection at the band gap wavelength, Degenerate TR experiments were conducted with 2
central pump and probe wavelength of 1600 nm. A femtosecond Tisapphire laser and an
optical parametric oscillator providing pulses of 80 ~ 150 {s duration were used in the TRPL
and TRDR experiments, respectively. The photoexcited carrier density and temporal resolution
in both experiments was ~ 1x10" cm” and 150 f5, respectively. In the TRDR experiment, the

probe intensity was 0.01 of the pump intensity,

6.3 MeV Fe ion implants into undoped InGaAs

In searching for the optimum characteristics of implanted InGaAs for ultrafast photodetector
applications, and bearing in mind the shallow donor formaton which readily occurs in this
material, the techniques used in Chaper 5 were also applied here. Fe also occupies 2 cation site
in InGaAs when activated, forming a deep acceptor’, and thus it was hoped that implantation
with Fe would result in a material with high resistivity as well as short respoase times. Because
InGaAs does not show the same sensitivity to amorphisation as InP, implants were performed
at both room temperature and 200°C.

Figure 6.1 shows the effective mobility, jiq, the sheet carrier concentration, N,, and
sheet resistance, R, for 2 MeV Fe ion implanted InGaAs epilayers as a function of dose.
While implanting into the undoped InGaAs has resulted in much lower sheet resistivities than

were measured for Fe implants into SI InP at the same doses (see Figure 5.1}, a more pertinent
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Figure 6.1 Effective mobility; 1,4, sheet carrier concentration, N, and sheet
resistance, R, for both room temperature and 200°C 2 MeV Fe ion

implantation as a functon of dose.

comparison is with the original values for the unimplanted material. Hall effect measurements
on the undoped, unimplanted epilayers yielded an effective mobility of ~5 x 10° em’V's?, an »
- type sheet carrier concentration of 1-2 x 107 em? and sheet resistance of ~800 Q/0. So we
see that the implantation at both room temperature and 200°C has actually increased R, from
the 107 up to the 10° /00 range and reduced the effective mobility from the thousands to the
hundreds of caV's?. The effect of the implantation on the electrical characteristics can be
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divided into three categories: the trapping of the inadvertent donors by deep defect levels, the
formation of new shallow donors such as the As antisite, and the onset of hopping
conduction. In Chapter 4 it was shown that, for room temperature O ion implants, the
electrical characteristics were dominated by shallow donor production above a dose of ~ 10"
cm’.  Fe of course has a much larger atomic mass than O, therefore it would be expected that
for the doses used here, a significant contribution would be coming from the shallow donors.
Trapping of carriers must also be playing an important role, since the implanted samples have
higher resistivites and lower mobilities than the untreated material.

For room temperature implantation, R reaches a maximum value of 7 x 10° /0] as
the trapping of inadvertent donors increases with increasing dose. At the highest dose, R
begins to decrease again, accompanied by a high value of N, and low 4, which is probably
due to a shallow donor production which has become stronger than the trapping. The
decreasing mobilities may also indicate the onset of hopping conduction. For 200°C implants,
R, stays relatively constant with increasing dose - a strong dynamic annealing at the elevated
temperature is most probably preventing the large concentration of traps which occurred for
room temperature implants from forming, and simultaneously favouring the creation of
shallow donors. N, is increased to the 10° cm” range as the dose is increased for 200°C
implants, but decreases to the 10" coi? range for room temperature implants. For elevated
temperature implantation, the effective mobility is 170 cm’V"'s” for the lowest dose implant,
where the damage to the lattice is relatively small, and drops sharply to a few tens of c’V''s™
as the dose is increased. For room temperature implantation we see that the mobilities are still
quite low, and decrease with increasing dose (although less abruptly than for elevated
temperature implantation), however the sheet carrier concentrations are greatly reduced (4 x

10% 1 x 10" cm™), and at the higher doses R, can reach up 7 x 10° ©/[1.
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The nonuniform damage profile of these implants will once again result in a possibility of
multiple conductive paths occurring within the sample, making 1t difficult to arrive at
conclusive explanations for the electrical behaviour. However, an analysis into the structural
changes resulting from implanting at different temperatures and doses, and annealing at
different temperatures can be very helpful. Figure 6.2 shows the DCXRD spectrum for an
unimplanted sample. The narower peak situated at O arcsec is generated from the InP
substrate, while the slighily broader peak at -300 arcsec corresponds to the InGaAs. Suchan
angular separation for the two peaks corresponds 1o a lattice mismatch of approximately
0.11%.

Figure 6.3 shows the evolution of the DCXRD rocking curves as a function of dose
for room temperature Fe ion implants into InGaAs epilayers on InP, Damage resulting from
implantation causes a significant broadening of the InGaAs peak, which increases with implant
dose. At the highest dose of 10" cm?, the InGaAs peak appears to have been completely
annihilated, and a broad feature appears for positive 6/20. A transition in the type of damage
has occurred between the doses of 2.7 x 10” cm® and 1 x 10" cox®, For an implant dose of
10 em?, the InGaAs peak shifts towards more negative 6/20, which is indicative of an
increase in compressive strain between the epilayer and the InP substrate; for higher doses this
peak begins to move back towards -300 arcsec,

XTEM was also performed on these samples, and for all but the highest dose implants,
no extended defects were observed in the images. The results for XTEM images on a sample
which was mmplanted at 10" cm® at room temperature are shown in Figure 64. An
amorphous layer ~ 1330 nm thick was formed near the surface, followed by a 110 nm-thick
crystalline layer. An additional amorphous layer was formed with a thickness of 300 am
directly below the InGaAs/InP interface. The amorphous/crystalline interfaces were very
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Figure 6.4 XTEM image for InGaAs epilayer on InP, implanted with 2
MeV Fe ions at room temperature to 10° cm?, Arrow indicates surface.

rough and associated with many planar defects lying along the {111} planes. Below the
amorphous/crystalline interface in the InP a high density of small dislocation loops was found.
High resolution XTEM analysis found that these planar defects were not stacking faults.
These results confirm that a threshold is reached by  implanting 1o a dose of 2.7 x
10 cm? in InGaAs at room temperature, above which  multiple amorphous layers are
formed. The crystalline material separating these amorphous layers is highly defective.

The effect of annealing on this sample is shown in the DCXRD spectra of Figure 6.5.
Even for the highest annealing temperatures, the original lamice structure is not recovered.
Figure 6.6 confirms this, with XTEM showing that annealing at 800°C did not cause the
amorphous regions to recover their crystallinity, instead resulting in 2 high density of twins and
phnar defects in the to amorphous region of the InGaAs. After anpealing, a large

concentration of voids occur in the post-implant InGaAs that had remained erystalline, and in

121



i i
(] %‘Pﬁ%fﬁ‘ﬁ 1 i\\% y?ﬂaﬁnnea&eé

LILRAS i 500°C
v MR t#‘W\W Y 600°C
JWH AN LT T TP —
el i fff%k ‘C‘ *‘“ﬁ% Gk soc
m wﬁ m s

400 -200 0 200 400 600
8/26 (arcsec)
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Figure 6.7 Evoluion of DCXRD spectra as a function of dose for 200°C

implaatation into undoped InGaAs with 2 MeV Fe ions,

the InP layer that had been amorphised after implantation, there are many particles of an
unknown nature. The presence of this amorphous layer in the 10 ¢m? implanted sample
makes hopping conduction possible in this region, due to the excessive number of defects.
Such hopping conduction may be contributing to the decrease in sheet resistance and mobility
observed in Figure 6.1, although it is not clear whether the main conduction path is through
this layer.

The samples from Figure 6.1 that were implanted at 200°C were also studied using
DCXRD and XTEM. Figure 6.7 shows the X-ray rocking curves for this elevated temperature
implantation as a function of dose. Similary to the room temperature implants, there is &
transition in the type of damage created at doses between 10° and 10% cv® At the highest

dose, the peak oniginating from the InGaAs epilayer is barely intact. A shift to more negative
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/20 is observed for the InGaAs peak as the dose is increased.

For 200°C implants at 10 and 10" cm?, XTEM images are shown in Figure 6.8.
Unlike the room temperature implants at 10% cny?, which resulted in no visible damage in the
XTEM, 200°C implants caused a high density of twins and planar defects near the surface. At
the lower extreme of the damaged region in this sample, small dislocation loops and/or
clusters were found. Interestingly, and again in contrast to the results for room temperature
implantation, the destruction of the InGaAs peak observed in the DCXRD for 200°C
implantation at 10" cm? does not correspond to amorphisatior of the layer. For this higher
dose implant, a high density of stacking faults was found from 100 nm below the surface right
down to the InGaAs/InP interface. Some small dislocation loops and/or clusters were found
in the damaged region near the interface. The absence of a peak due to the InGaAs epilayer
for 10 cm” implantation shown in Fig, 6.7, while not due to amorphisation, is due to the
extreme damage in the InGaAs epilayer.

The effect of annealing on the sample implanted to 10" cm” is shown in the DCXRD
spectra of Figure 6.9 and the XTEM images in Figure 6.10. By annealing at the highest
temperatures, the crystal structure of the In(GaAs epilayer is able to be recovered to some
extent, as shown by the recovery of the InGaAs peak in the DCXRD., Figure 6.10 shows that
a high density of dislocations and voids remain in the sample, extending from the top of the
sample to the damaged interface, with many dislocation loops and clusters in the InP substrate
near the interface.

The swudies above illustrate that, compared to the structural investigations into
unplanted InP, the damage processes for implants into InGaAs are very different (contrast

Figures 6.8 and 5.3, for instance) when implanting under identical conditions, As a further
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example, it is common knowledge that for room temperature implantation of InP, significant
defect annihilation occurs over time®, in which the damage caused by implantation is repaired.

To verify whether or not this had occurred for the room temperature Fe ion implants
of the InGaAs, repeat DCXRD measurements were performed on the samples described
above after 14 days, and no change was recorded. Thus, in addition to concluding that
damaged InP and InGaAs behave differently, we can be confident that our measurements of
implanted InGaAs were not dependent on the elapsed time after implantation. Indeed, Akano
et al® noted that amorphous layers could be formed in InP up to 373 K for O fluences above a
critical dose, whereas a strong dynamic annealing precluded any amorphisation of InGaAs at
290 K for O implants to doses up to 5 x 10" cm?,

The studies above have shown us the degree to which the onginal structures, after
implants at different doses and temperatures, can be recovered by annealing. The effect of
annealing on the electrical and optical properties of the implanted samples must also be
investigated, since as-implanted material will be too defective for any optical applications,
regardless of the high values of R, obtained. Annealing provides energy for Fe atoms to
migrate to the cation sites, thereby forming deep traps, as well as allowing shallow donor
formation to play a more significant role. The interplay between these two effects is illustrated
in Figure 6.11, which shows the evolution of Hall effect measurements for samples implanted
to 10% and 10" cm?® at room temperature, as a function of annealing temperature.

The defects affecting the electrical and optical properties of these implanted samples
will have two sources: complexes resulting from Fe incorporation and defects caused by
disorder within the lattice itself. The low resistivity of ion implanted and LT-InGaAs is
attributed to the existence of donor levels with the activation energy of 30 - 40 meV.” In

addition to these native defects, incorporation of Fe atoms into cation sites in InGaAs results
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Figure 6.11 Effective mobility, 1.4, and sheet resistance R for
room temperature 2 MeV Fe ion implantation as a function of

annealing temperature for 10” and 10% cm™,

in a deep acceptor with an energy of ~0.35 eV which shifts the Fermi level towards the mid-
gap and increases the resistivity.” Other studies have found that annealing InGaAs containing
Fe atoms at high temperatures {e.g. 800 °C) for a relatively short time (e.g. 5 s) results in a large
surface buildup of Fe, which increases with annealing time and temperature.” Therefore, in
InGaAs samples prepared under such conditions as are presented here, it is once again likely
that layers with different optical and electrical properties exist, according to their distabution
of different types of defects.

The 10¥ cm® implanted sample has low mobilities for annealing temperatures below
500°C, which then increase sharply to almost 10° cm®V's™ at 700°C, before decreasing to very

low values again at the highest annealing temperature. ‘The sheet carrier concentration has
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values of the order of 10" cm? for all annealing temperatures. The sheet resistance increases
to 4 x 10° /0 after annealing at 500°C, then drops to a value of ~ 1.5 x 10° Q/I1 for
annealing at 600°C, above which it increases monotonically with annealing temperature. In the
previous Chapter, it was found that activation of Fe deep levels occurred in InP above an
annealing temperature of 600°C, and that a type conversion from 7 - to p - occurred at this
annealing temperature. In this case, no transition to p - type was measured, however a similar
activation may have begun to occur at these higher annealing temperatures, in addition to the
progressive annealing out of shallow donors, causing the sheet resistance to rise with annealing
temperature. This result does not exclude the possibility, however, of p - layers existing where
the concentration of implanted Fe is highest, surrounded by 7 - type layers whose overall
concentration of 7#-carriers is higher.

Thus, annealing at 500°C reduces the number of defects such that hopping conduction
is significantly reduced and the sheet resistance is increased. Annealing at 600°C corresponds
to the onset of activation of the shallow donor levels, which can also be seen in the sudden
increase in mobility, and the sheet resistance may be increasing for annealing at temperatures
above this due to the activation of ever greater concentrations of Fe acceptors.

No type change was found for the 10" cm® implantation case either. In this case the
evolution of R with annealing temperature is similar. There is a sudden increase in the sheet
carrier concentration at an annealing temperature of 600°C, which could be due to the
activation of a large concentration of shallow donors, which then decreases at 700°C due to the
activation of the acceptor levels. The evolution of the effective mobility is also consistent
with this picture, with a maximum (albeit a small one when compared to the values for 10°

em? implantation) at 600°C annealing.
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Since it is to be expected that materials with the shortest decay times will be obtained
for the lowest annealing temperatures, and since large sheet resistivities were obtained for
annealing at 500°C for the room temperature 10 cm® implanted samples in particular,
samples implanted at this dose were chosen for an optical study using time resolved
photoluminescence. Besides which, the investigations into the damage resulting from the
implantation using DCXRD and XTEM have shown that amorphous regions exist for Fe ion
implantation at 10" cm into these samples, even after annealing at 800°C. Because of this,

the higher dose implanted samples were deemed unsuitable for optical analysis.

Time-resolved optical measurements performed on samples implanted to 10 cm?, are
shown in Figure 6.12. Fig. 6.12(a) shows TRPL transients. For an undoped InGaAs sample
measured under the same conditions as the implanted samples, there is a rather long PL decay
time of 120 ps, which is determined by Auger recombination. Thus, the short PL decay times
in implanted samples reflect carrier trapping into deep centers. The PL decay times, equal to
13,25, 4.0 and 4.5 ps for the implanted samples annealed at 500 to 800°C, were determined
by fitting the PL transients. During the fits, prolonged carrier relaxation, manifesting itself in
the long PL rise time for the unimplanted sample (inset to Fig, 6.12(a)), was taken into
account. As mentioned in Chapter 3, the high, compared to the band gap, excitation energy
establishes long times for electron relaxation to the bottom of the band, which, in turn, results
in long PL rise times and prolonged PL decay times. While, for L'T GaAs, where the process of
electron scattering to the bottom of the band affects the PL transient, and the PL decay
becomes considerably longer than the electron trapping time," the situation in InGaAs for the
800 nm excitation is even more severe: electron scattering to and from the L valleys further

delays the relaxation.”
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Figure 6.12 (a) Measured and simulated TRPL traces from annealed InGaAs
samples implanted at room temperature with a dose of 10°cm™ The curves
for different samples are shifted vertically for clanty. The inset shows the
nising part of the PL transient for the unimplanted sample. (b) Differential
reflectivity measurements of the same samples excited with band gap energy
photons. The horizontal lines indicate the reflectivity before excitation. Note
different time scales for both graphs.

In an attempt to avoid the relaxation phenomena and determine real electron trapping
times, TRDR measurements at the band gap wavelength were also performed (Fig. 6.12(b)).
To evade coherent artefact effects, pump and probe pulses had orthogonal polarisations,
however, some coherent oscillations still distort the rising part of the curve for the 500°C

sample. The TRDR dynamics for the implanted InGaAs samples annealed at 500 and 600°C
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show a single peak, which, after a fit to a function suggested by Roux e 4l.,”® provides electron
trapping times of 300 fs. For the 500°C sample, the trapping time is probably even shorter but
is obscured by the temporal resolution of the experiment. In the 600°C sample curve, a longer
tail with a characteristic time of about 3.5 ps appears, which can be attributed to changes in
absorption from the mid-gap traps.”'* According to the model, trapping of one carrier type to
the mid-gap centers occurs with a characteristic time of 300 fs, and subsequent recombination
by the trapping of the other carrier type occurs at the slower rate of 3.5 ps. For the 700 and
800°C annealed samples, the TRDR transients are more complicated. Here there are three
different changes in reflection. The initial fast decrease persists for a time at least of the order
of 100 ps. A possible explanation for this long-term component consistent with the electrical
measurement data could be electron excitation from the deep Fe-related centers, which are
expected to be present in samples annealed at higher temperatures at larger densities, and
subsequent trapping to the shallow donors. As far as donor levels are concerned, the As-
antisite was observed to occur in smaller concentrations in L'T-InGaAs when compared to LT
GaAs, which has been used to exphin longer absorption recovery time for LT-InGaAs".
After annealing at 600°C, the antisites have also been observed to form precipitates which,
being small and widely spaced, were considered to act as slow recombination centers.” At
these donor sites, the carrers can stay for a long time before thermal reemission into the
conduction band and subsequent recombination. On top of this long transient, band-to-band
carrier excitation, and trapping and recombination manifests itself through the positive peak in
the TR transient. Decay times for these peaks have similar characteristic times to that of

TRPL.
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Summary

Prior to annealing, the electrical characteristics of room temperature and 200°C Fe ion
implanted InGaAs are dominated by the interplay of shallow donor and deep trap formation,
which overall increase the original unimplanted values of sheet resistivity by several orders of
magnitude while decreasing the effective mobility. Room temperature implants at 10 cm’®
result in amorphous layers which cannot be recovered by annealing. Extreme damage is also
observed for 200°C implants, however the structural damage can be recovered somewhat by
annealing at 800°C.  The different defect agglomeration and dynamic annealing properties of
InGaAs when implanted, as compared to InP, were noted. Annealing the implanted samples
at 60C°C caused the formation of large concentrations of shallow donors. At annealing
temperatures above this, Fe activation began to affect the electrical properties of the samples,
markedly increasing the sheet resistance and decreasing the sheet carrier concentration and
effective mobility. Similarly to the case for Fe ion implanted InP, the shortest carrier lifetimes
in InGaAs are achieved at annealing teroperatures much lower than those which have been
associated with Fe activation. As discussed in Chapter 4, the production of shallow donors in
InGaAs by implantation results in fairly low maximum resistivities when compared to other
semiconductors such as GaAs. Consequently the values for R, achieved here, by implanting the
undoped material, while being lower than for similar experiments with InP as discussed in the
previous Chapter, are at the upper limit of what is achievable for -InGaAs. A jump in sheet
resistance to a value of 4x10° Q/0 occurs for samples implanted at room temperature to a
dose of 10" cmi® when annealed at 500°C, where shallow donor activation has not yet become
dominant. Around this annealing temperature, the carrer lifetime is also extremely short, at
most 300 fs, indicating that these implantation conditions deliver InGaAs layers with

characteristics appropriate for ultrafast optoelectronic applications.
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6.4 MeV P ion implants into p- InGaAs

An alternative method for achieving ultrafast optical responses while maximising sheet
resistivity can be explored using P ion implants into p -type layers, as was already shown in
Chapter 5 for InP. 'The results of Hall effect measurements on 1.5 um p -InGaAs-on-SI InP
layers implanted at room temperature to a range of doses and annealed at 500 and 600°C for
60 seconds are shown in Figure 6.13. At the lower doses, between 10 and 10" ¢cm” and for
annealing at 600°C, the slight damage which is accompanied, it 15 assumed, by large
concentrations of donor levels, causes low sheet resistances, high sheet carrier concentrations
and decreasing effective mobilities. In contrast to p -InP implantation, compensation of the p
carriers does not coincide with the maximum values of R, For annealing at 500°C, majority
carriers are all 7 -type, whereas for annealing at 600°C, the majority carriers remain p -type up
to a dose of 7.7 x 10" coi®. In the former case, the maximum value of R, is obtained at a dose
of 5 x 10" cm?, while for the latter, the optimum dose is between 5 x 10” and 1 x 10" cm™.
In other words, conversion to 7 -type majority carriers, along with maximum R, requires a
higher dose for annealing at 600°C as compared to 500°C. Annihilation of shallow donors is
therefore stronger at the higher annealing temperature, and thus higher doses are required to
create a sufficient quantity to compensate the free holes in the material The fact that
conversion from p - to 7 ~type does not coincide with the maximum in R, points to a layered
conductivity within the implanted and annealed samples. The annealing at 500 and 600°C has
allowed for sufficient recovery of the material (except for the highest doses) such that hopping
conduction is no longer governing the electrical properties, and compensation of the free holes
by shallow donors is the main effect. We see that for the higher doses, maximum R values of

up to 4 x 10° Q/00 were achieved. This is as good if not better than the optimum values
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Figure 6.13 Effective mobility, p 4, sheet carrier concentration, N, and sheet

resistance R, for p -InGaAs implanted at room temperature with 1 MeV P
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indicate p -type.
obtained for implanted p-InP. At such doses, the mobilities are no greater than a few hundred
em®V'is, which is acceptable in certain device applications, and which also indicates that the
optimum conduction path through this material is not dominated by hopping mechanisms.

The effect of the implantation on the strain profile can be seen in the X-ray curves of

Figures 6.14 and 6.15. P, with its smaller atomic mass than Fe, causes a lesser degree of
damage for implants at the same dose and temperature. While, for implantation to a dose of
10 cm?, the peak due to the InGaAs is still present in the un-annealed material, implanting

above 10" cm? results in almost complete annihilation of this feature, leaving only the peak
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from the InP substrate. In Fig 6.14, we see the effect of annealing on the recovery of the
crystallie imtegrity of the p -InGaAs. For 500°C annealing, the p -InGaAs peak has been
recovered although it is broadened compared to the un-implanted peak, as well as being
shifted to slightly more negative 6/20. Annealing at 60C°C recovers the p -InGaAs further,
shifting it back towards the substrate peak as well as narrowing the FWHM. However, this
annealing temperature is not sufficient to return the sample to its unimplanted form, indicating
the large numbers of residual defects still present in the material. Figure 6.15 shows the effect
of these two annealing temperatures on samples implanted w doses presented in the Hall
effect results of Fig 6.13. The higher annealing temperature produces better recovery of the p-
InGaAs, although at the highest two doses the damage appears too great; perhaps irreversible
damage has been created by implanting at these doses.

Once again, if a comparison is made between the damage formed in InGaAs epilayers
by MeV P ion implants and those already discussed in Chapter 3 on InP, the striking difference
in the damage accumulation and agglomeration processes between the two semiconductors
becomes evident.

Several attempts were made to analyse the optical properties of the implanted p -
InGaAs through time resolved photoluminescence and differential reflectance measurements.
However, no data was obtained, most likely due to the high doses used to achieve
compensation of the material; the large amount of damage has probably caused the response
times to be below the detection limit of the experiment. Future work could be done using p -
type material with a lower initial free carrier concentration, which would then require lower
doses to achieve compensation and thus hopefully provide material with measurable optical

response times.
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Summary

P ion implants into p -type InGaAs layers produced less damage than for Fe ion implants
under the same conditions, due to the lower atomic mass of P. Values of R, in some cases
exceeding those found using the same method to implant InP in the previous Chapter were
produced. Optimum doses did not correspond to a conversion from 7- to p - type material,
suggesting multiple paths of conduction within the material. Lower annealing temperatures
allowed for lower optimmum doses, which is ideal from the point of view of decreasing device
response times. Structural studies showed that damage in samples implanted to 10* cm” could

be partially recovered by the annealing,

6.4 Conclusion

Similarly to the case for implanted InP, high resistivity InGaAs is achievable using either Fe
ion implantation into undoped materal, or P ion implantation into p -type material. In spite
of the ease with which shallow donors can be formed in InGaAs, implants into the p - type
InGaAs actually resulted in sheet resistivities as good if not better than those achieved by
implanting into p -InP. However, the doses at which this high resistivity was achieved created
too many defects for optical lifetimes to be measured. In the case of Fe ion implanted
undoped InGaAs, the annealing temperatures at which the fastest decay times were achieved
(300 fs as measured by differential reflectance for annealing at 500°C for 60 seconds), were not
sufficient to activate the Fe trapping centres, resulting in sheet resistivities of ~5 x 10° Q/[0.
The high annealing temperatures required for Fe activation within the InGaAs matrix resulted

in optical lifetimes of the order of picoseconds.
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Implantation into p -InGaAs samples with initial free carrier concentrations lower than
that used for this study (< ~3 x 10” cm), thus requiring lower doses to achieve the high
resistivities, is the most promising direction for further research into creating InGaAs with

optimum characteristics for use in ultrafast photodetectors.
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CHAPTER 7

Ion Implantation Induced Interdiffusion in

InP and InGaAs based Quantum Wells



7.1 Introduction

Interdiffusion of quantum well structures has been explored since the early 1980s as a
promising technique for both the tuning of the quantum well (QW) emission/detection
wavelength as well as monolithic integration of optoelectronic devices on a single chip.
Interdiffusion is achieved, typically through an annealing step, by the exchange of elements
between the quantum well and barrier, and is driven by the discontinuity of each element
which occurs at the quantum well/barrier interface. In this way, the composition of the
materials near the interface is altered, typically smoothing the initially square well potential to
approximately a double error function potential as shown in Figure 7.1. As the shape of the
potential is changed, the energy eigenstates of electrons and holes within the quantum well are
altered. Typically, the effective bandgap of the quantum well is increased after interdiffusion,
resulting in a wavelength blueshifting,

LILL LY R

Ay A,
A YA

_____Ia?l______/@%\____

Figure 7.1  Schematic of quantum well interdiffusion.
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Quantum well structures such as GaAs/AlGaAs and GaAs/InGaAs (hereafter referred
to as group 11I- diffusion systems) have been studied extensively, however our understanding
of systems involving InP/InGaAs, InP/InGaAsP, InAsP/InGaAs and other combinatioﬁs
(hereafter referred to as group V/III- diffusion systems) has been more contentious. This
debate arises from the added complexity associated with interdiffusion in group V/III-
diffusion QW systems: the interrelated effects of strain and the possibility of varying ratios of
group V and group III diffusion lengths. In the GaAs/AlGaAs QW system, for example,
these issues do not exist, since the material will remain lattice-matched regardless of the
composition of the AlGaAs, and only the group III elements will interdiffuse since the
concentration of As across the barrier/well interface remains constant. Thus, understanding
the effects of interdiffusion in group III- diffusion quantum well structures, such as the
blueshifting of the photoluminescence, is more straightforward. In the case of the
[nP/InGaAs system, modelling has been used to understand how varying the group III and/or
group V interdiffusion will affect strain, the shape of the quantum well profile and the
transitions between the electron and hole eigenstates’. Such computer simulations reveal the
possibility of bandgap tuning to degrees not achievable in the group III - diffusion systems.
When added to the potential for applications in 1.3 and 1.55 pm range, interdiffusion in group
V/TII- diffusion quantum well systems presents an exciting topic for research.

Many studies into interdiffusion in this groupV/TII- diffusion system, using a range of
techniques such as implantation induced intermixing, impurity free vacancy disordering
(IFVD) and laser annealing”®®, have reported varying ratios of group III and group V diffusion
coefficents. Different mechanisms are brought to the fore depending on the method used,

and thus the type of interdiffusion can potentially be taflored.
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In the case of ion implantation induced interdiffusion, defects created by the
implantation process are used to drive the mixing of quantum well and barrier materials via an
annealing step (lllustrated below). The focus of this work is on understanding diffusion
mechanisms  in  InP/InGaAs quantum well structures; comparative studies on
InGaAs/AllnGaAs quantum wells (where the group III interdiffusion is favoured) were also

done.

7.2 Experimental

For this study, four wafers were grown by metalorganic chemical vapour deposition
(MOCVD) on (100) semi-insulating InP substrates. Their structures are illustrated in Figure
7.2. Two wafers had a single 5 nm In,;,Gay;As quantum well and InP barriers, one with a
250nm InP cap layer and the other with a 200nm InP barrier followed by a 50 nm
In,5;Gag s As capping layer. The remaining two wafers had a single 5 nm Ing;;Ga, ,As
quantum well and Al,Ga;,In ;;As barriers, one with an InP cap and one with an
Ing:;Gag,As cap. All of the quantum well samples were implanted with P ions at 20 keV as
well as P* ions at 1 MeV, TRIM simulations predicting the damage to lie within the first 50 nm
(within the capping layer) and 1 pm from the surface, for these two energies respectively. The
calculated profiles of total vacancies as a function of depth into the sample are shown in
Figure 7.3, with the role played by these implants on the interdiffusion process depicted in
Figure 7.4. Doses ranged between 10" and 10" cm?, and all implants were performed with a
constant fhux of 7 nA/cm’ and the sample tilted at 7° from the normal direction of the beam to
minimise channeling effects. In each case one half of the sample was masked in order to

provide an unimplanted reference. Rapid thermal annealing (RTA) for 60s was conducted on
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Figure 7.2 Schematic of quantum well epitaxial structures used in the study.
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the samples after implantation. Photoluminescence (PL) at 77K, using a red diode laser at 670
nm, and an InGaAs photodetector through a 0.5 m monochromator, was used to measure the
shifts in quantum well emissions. The relative PL energy shifts were calculated from the
difference between the emission energy of the implanted side and that of the (annealed)
reference side on the same sample. To provide information on the damage produced by such
implants, Rutherford backscattering spectrometry-channeling using 2 MeV He ions was also

performed with a 10° glancing angle geometry.

7.3 Thermal Stability of the Quantum Wells

Interdiffusion will occur spontaneously if enough energy is provided to allow migration of
quantum well and barrier elements across the interface. Since the methods which drive the
interdiffusion in this work all make use of an annealing step, it is important to study the
interdiffusion caused by purely thermal effects.

Figure 7.5 shows the peak energy of the quantum wells measured by
photoluminescence as a function of cumulative annealing for 60 seconds at different
temperatures.  As the annealing temperature is increased, the peak energy shifts to higher
values in all cases (corresponding to 2 blueshifting of the wavelength). The greatest peak shifts
occurred for the InP capped, InP/InGaAs sample. Capping this quantum well structure with
InGaAs seemed to reduce the susceptibility of the structure to thermal effects. The
InGaAs/AlGalnAs quantum wells showed a much higher thermal stability, and even after
annealing to 850°C, the peak emission had only shifted 0.012 eV from the original value. It

would appear that the greater the opportunity for group V intermixing (such as using an InP
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Figure 7.5 77K photoluminescence peak energy of InP/InGaAs
quantum wells (with InP or InGaAs cap) and InGaAs/AlGalnAs quantum
wells (with InP or InGaAs cap) as a function of annealing temperature.
Annealing was cumulative, for 60 seconds in all cases.

cap or having groupV/III- diffusion quantum wells), the more blueshifting can be achieved.
Group III intermixing appears to require higher annealing temperatures (which has also been
found for GaAs/AlGaAs quantum wells, where annealing temperatures > 800°C are required
to achieve significant blueshifting)™.

Based on this study of the temperature dependence of interdiffusion, an annealing
temperature and time of 700°C and 60 seconds was chosen for the subsequent experiments
involving implantation, so as to be certain that any measured peak energy shifts were not due

to these thermal effects.
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7.4 Cap Layer Implants (Low Energy)

741  InGaAs/InP quantum wells

Implantation into a capping layer is a relatively non destructive technique in the sense that
defects are not directly created in the quantum well region - annealing allows the defects to
move down from the surface and promote interdiffusion, as shown in the schematic of Figure
7.4. The effect on interdiffusion of InP or InGaAs capping layers was compared, as well as
the implantation temperature, following rapid thermal annealing (RTA) at 700°C for 60
seconds.

Figure 7.6 illustrates the post-annealing blue shift of the PL emission from the InP

capped sample with increasing ion dose, when implanted with 20 keV P ions at 200°C. The
FWHM stays fairly constant for doses at or below 5 x 10” cni?, but becomes significantly
broadened above this value. Figure 7.7 depicts the relative shifts for room temperature and
200°C implants on this sample, as a function of the same doses. As the dose is increased, the
shift in emission from the sample implanted at 200°C increases to 90 meV at a dose of 10*
cm?, while for room temperature implantation the energy shift reaches a maximum of 40 meV
at a dose of 10" cm?, and decreases beyond this dose.
Figure 7.8 depicts the relative shifts for the InGaAs capped sample, as a function of dose, for
20 keV P ion implants at room temperature and 200°C. In this case, the energy shift increases
with dose for both implantation temperatures. The shifts are marginally greater for
implantation at room temperature than at 200°C. Figures 7.7 and 7.8 illustrate that the level of
interdiffusion at a particular dose is greatly modified by the type of capping layer. Additionally,
the temperature of implantation is producing a different evolution of shifts with dose.

In order to understand these differences in energy shifts, residual damage after jon
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Figure 7.6  Low temperature (77K) photoluminescence spectra from
InP/InGaAs quantumn well structure implanted at room temperature with 20
keV P ions to various doses and rapid thermally annealed at 700°C for 60

seconds.

implantation was measured using Rutherford backscattering spectrometry- channelling (RBS-
Q). Figure 7.9 shows the glncing angle RBS-C spectra measured for the InP capped sample
implanted with 20 keV P ions at room temperature to a dose of 10" em?. The region near the
surface has been nearly amorphised at this implant temperature. A similar measurement for
implantation at 200°C shows negligible variation from the unimplanted spectrum. Defect
annihilation is an important characteristic of implanted InP - at room temperature it is known
that over a period of many days the damaged material will begin to recrystallise”. It follows
that, for implantation at 200°C, the dynamic annealing is significant. It is well known that there
is a maximum amount of damage which can be induced in samples, beyond which point

defects group themselves into clusters and do not diffuse sufficiently during annealing to
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Figure 7.7 Energy shift of InP capped InP/InGaAs quantum wells as a
function of dose for 20 keV P ion cap implants at both room temperature
and 200°C. RTA at 700°C for 60s.
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Figure 7.8 Energy shift of InGaAs capped InP/InGaAs quantum wells as a
function of dose for 20 keV P ion cap implants at both room temperature
and 200°C. RTA at 700°Cfor 60s.
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Figure 7.10 Glancing angle RBS-C spectra for the InGaAs capped sample,

implanted with 20 keV P ions to a dose of 10" and 10" cm? at room
temperature and 200°C. Random and channeled spectra for the as-grown

sample are shown for comparison.

153



participate in the interdiffusion process™*. At 200°C, amorphisation is suppressed and more
point defects are generated, which will lead to enhanced interdiffusion. By contrast, for room
temperature implantation of the InP capped sample, the defect clusters in the amorphised
region have higher thermal stability and thus make a smaller contribution to intermixing. InP
capped samples irradiated at a dose of 10" cm? were also measured (not shown) for both
implant temperatures, and again show very little difference from the unimplanted spectrum.
This lack of significant damnage at the lower doses correlates well with the large shifts observed.
It is likely that, at this dose of 10° cm?, the energy shift is slightly reduced for 200°C
implantation, because at this temperature there are fewer point defects due to the dynamic
annealing. The RBS-C spectra for the InGaAs capped samples are shown in Figure 7.10. All
samples, for doses of 10V and 10" cm®, and for both room temperature and 200°C
implantation, showed evidence of only a small amount of damage - there was no
amorphisation. There is a very slight increase in the amount of damage for implantation at the
higher dose, but almost no difference between the two implantation temperatures. We cannot
distinguish between the type of damage induced at the different implant temperatures from the
RBS-C measurements, however we propose that the decreased energy shifts observed for
200°C temperature implants into the InGaAs capped samples are due to a lower concentration
of point defects. The number of point defects will be reduced by a greater amount of dynamic
annealing and/or formation of clusters, and it is likely that such processes occur more readily
at elevated implant temperatures (as for InP).

We have already had indications from the previous Chapters that the defect
accumulation and diffusion mechanisms are different for the InP and InGaAs cap layers, and
the RBS-C measurements show this conclusively. The nature of the defects is specific to the

layer, as can be inferred from the unique temperature dependence of the dynamic annealing in
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either InP or InGaAs. The In-P bond strength has been measured as ~198 kJ mol’, whereas
the In-As and Ga-As bond strengths are ~201 and ~ 210 k] mol™ respectively”. Thus, the
bonds in InP are much easier to break, and room temperature implantation into InP causes
much more damage than implantation into InGaAs at the same temperature. For example, the
room temperature amorphisation doses for Se implantation into InP, InAs and GaAs were
measured to be 1.8 x 107 , 7 x 10" and 32 x 10V cm? respectively’®. The indium and
phosphorous self diffusion factors, D, in InP, are 1 x 10°and 7 x 10® cm?/s, respectively”.
For In self diffusion in InAs, D, is 6 x 10° cm’/s, for As self diffusion in InAs it is 3 x
107, for As diffusion in GaAs it is 7 x 107 em?/s and for Ga self diffusion in GaAs it is 1 x 10/
co’/s (values for InGaAs could not be obtained). It is not known how these values might
change in the presence of (implantation-induced) defects, however they do provide some
indication of the likelihood of diffusion of the constituent elements in either InP or InGaAs.
The greatest photoluminescence energy shifts obtained were for implantation at 200°C into the
InP capped sample. From the diffusion factors listed above, it can be inferred that
phosphorous-associated point defects created in InP by implantation at 200°C will be very
mobile, and by comparison, the degree of diffusion of any of the point defects created in
InGaAs will be orders of magnitude less. It is possible that greater shifts are achievable in the

InGaAs capped samples if the implants are done at higher doses.

Summary

Extensive damage in the capping layer was found to reduce the amount of interdiffusion due
to the high thermal stability of the complex defects. Elevated temperature implants into the
InP capped sample produced the greatest blueshifts, since amorphisation was suppressed and

more mobile defects could be created in abundance at this temperature. The defect
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accumulation and agglomeration processes in InP and InGaAs were revealed o be markedly
different, as shown in the RBS-C results, with InGaAs showing minimal sensitivity to the
implant temperatures used. In the case of InGaAs capped samples, room temperature
implants resulted in a marginally higher energy shift than at 200°C, possibly due to the greater

concentration of point defects created at the lower temperature.

7.4.2 InGaAs/AlGalnAs quantum wells

Figure 7.11 shows the effect of implanting into the InP capped InGaAs/AlGalnAs quantum
wells, and Figure 7.12 shows the effect of implanting into the InGaAs cap of the same
quantum well structure. In comparison to the InP/InGaAs quantum wells, the achievable
shift is much less for implantation and annealing under identical conditions. Considering that
the type and amount of defects created in the capping layer will be the same as for the previous
section, different intermixing behaviour observed in this system must be attributed to the way
these defects affect element exchange at the quantum well, which, in this case, is expected to
favour diffusion on the group III sublattice. For the case of the InP capped samples, a plateau
is reached for the higher doses at both implant temperatures. Therefore, in spite of a large
amount of point defects in the InP cap for 200°C implants, which produced large blueshifts in
the InP/InGaAs quantum well, the results of Figure 7.11 are suggestive of some kind of
clustering or inhibition of the migration of these small defects into InGaAs/ AlGalnAs system,
especially when they are created in large quantities (high doses). The blueshift is only a few
meV, indicating the greater thermal stability of this quantum well system as compared to the
InP/InGaAs system. The saturation of blueshifting occurs at a lower dose for room

temperature implantation with respect to 200°C implants. It is not necessary for the cap to be
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Figure 7.11 Energy shift of InP capped InGaAs/AlGalnAs quantum wells
as a function of dose for 20 keV P ion cap implants at both room
temperature and 200°C. RTA at 700°C for 60s.
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Figure 7.12 Energy shift of InGaAs capped InGaAs/AlGalnAs quantum
wells as a function of dose for 20 keV P ion cap implants at both room
temperature and 200°C. RTA at 700°C for 60s.
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amorphised for this plateau to occur, since all that is required is a significant number of
thermally stable defects as would be expected from highly damaged material.

Similarly to the InP/InGaAs quantum well case, the InGaAs capped samples exhibit

greater resistance to interdiffusion under the same annealing conditions that were used for the
InP capped samples. It is likely that no major shifts were observed in InGaAs capped sample
due to strong dynamic annealing in the capping layer during implantation, in addition to the
reduced tendency of the group III sublattice to diffuse. Once again, a larger shift occurs for
room temperature implantation because at 200°C the dynamic annealing was sufficient to
reduce the number of available point defects. The thermal stability study in section 7.1 has
also shown that there is no incentive for thermal interdiffusion of this system even at the
highest annealing temperatures, thus interdiffusion must be driven by some kind of defect
injection process. ‘The defects created in the cap layer appear to diffuse far more readily when
a greater possibility exists for group V interdiffusion.
Because the shifts were so small for the initial annealing at 700°C, the effect of additional
annealing steps on the interdiffusion was studied. For additional cumulative anneals for 60
seconds up to 900°C, the blueshifting of the InGaAs capped samples remained negligible,
while that of the InP capped sample was markedly improved for very high temperature
annealing,

Figure 7.13 shows that, for room temperature implantation, additional annealing at
700°C causes the blueshifting to increase while still exhibiting a maximum at a dose of 10"
cm®, Further annealing at 900°C causes the blueshifting to increase monotonically with dose,
with very large blueshifts achieved for the highest doses. For 200°C implantation (Figure7.14),
a similar trend is followed, however the amount of blueshifting achieved for 900°C annealing is
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slightly less. This may be due to the lower concentration of defects produced in the InP cap
with elevated temperature implantation, as previously fllustrated by the RBS-C results in Figure
7.8. The removal of the plateau in the evolution of blueshift with dose for the two cases is an
indication that the defects created in the capping layer, combined with the interdiffusion
mechanisms specific to the InGaAs/AlGalnAs quantum well system, are not sufficient to
induce any significant diffusion for annealing at temperatures below 900°C.  Annealing at
900°C provides enough energy to release these defects and thereby allow for the large amount
of interdiffusion, as evidenced by the blueshifts which are of comparable values to those that
were measured for the InP/InGaAs system.

The enhanced blueshifting of the InP capped samples for additional annealings is also
a strong indication that the presence of highly mobile P atoms will cause a great deal of
interdiffusion. It is likely that this capping layer has allowed for group V interdiffusion,
especially at the highest annealing temperatures which would have given the P atoms ample
opportunity to migrate down to the quantum well region. Thus, by including a layer
containing P in these quantum well systems, a large degree of interdiffusion can be obtained
using the cap layer implantation technique.

In the case of InGaAs capped samples, the lack of blueshifts indicates that annealing at
900°C for 60 seconds was not sufficient to allow the group III defects to migrate to the
quantum well region. This is consistent with the fact that the implant damage needed to be
close to the quantum well region in InGaAs/AlGaAs quantum well systems which also rely on

group 111 intermixing'".
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Summary

Cap layer implants into the InGaAs/AllnGaAs quantum well samples resulted in
interdiffusion which was less extensive than that of the InP/InGaAs quantum well system, due
to the decreased tendency of the group III elements to interdiffuse. InP capped samples
exhibited greater blueshifting than the InGaAs capped samples, for similar reasons as were
discussed in section 7.4. At the higher doses, a plateau in the amount of blueshifting was
observed for the InP capped samples, which occurred for both room temperature and 200°C
implants. ‘This insensitivity to implant temperature indicates that the diffusion mechanisms in
the InGaAs/AllnGaAs system are different to the InP/InGaAs system. The defects
responsible for the saturation of blueshifting at the higher doses were only thermally stable to
annealing temperatures below 900°C. By annealing at this highest temperature it was possible
to release the defects from the InP capping layer and cause significant blueshifting, which was
of comparable magnitude to the InP/InGaAs case. It is presumed that this behaviour is due

to the highly mobile P defects, as was found in section 7.1.

7.5 Deep Implants (High Energy)

Figure 7.15 shows the effect of the different capping layers for both InP/InGaAs and
InGaAs/ AlGalnAs quantum well samples in the case of deep implant (1 MeV P ion) induced
interdiffusion. The energy shifts as a function of dose are essentially the same for both
capping layers because the defects can now migrate to the quantum well from both above and

below. Both quantum well samples follow the same trend of increasing blueshift with

increasing dose, although the interdiffusion for the InGaAs/ AlGalnAs quantum well system is
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Figure 7.15 Energy shift as a function of dose for all quantum well
samples after implants with 1 MeV P ions at 200°C and annealing at 700°C

for two 60 second intervals.

less, due to its aforementioned higher thermal stability resulting from the dominant group III
mechanism,

After annealing at 700°C for two 60 second intervals, the maximum energy shift
achievable for the deep implants is still less than that for shallow implants into the InP capped
sample. This may be due to the damage peak being located farther from the quantum wells in
the high energy implantation case, as compared to the low energy implant case, which means
the majority of defects - which are produced at the damage peak - must diffuse for a greater
distance to influence the quantum well region. Another feature of the evolution of energy
shifts with dose is the plateau which seems to be reached at the higher doses. At these doses
the intermixing is probably saturated because of the onset of defect clustering, similarly to the

case for room temperature InP cap implants.
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Summary

For both the InP/InGaAs and InGaAs/ AllnGaAs systems, the effect of the capping layer was
absent in the case of deep implants, since the defects which drive the interdiffusion were able
to migrate to the quantum well region from both above and below. This indicates that the
implant induced defects can only diffuse over a relatively short distance. The former system
produced a greater amount of blueshifting than the latter. In general the shifts were less than
what was obtained using the low energy implantation technique, however this may be
explained by the greater distance of the peak damage in the deep implant case to the quantum

well region, as compared to the case for cap layer implants.

7.6 Conclusion

Interdiffusion driven by implant damage created in the cap layer was dependent both on the
implant temperature and capping layer matedal (InP or InGaAs). In partcular, this
dependence was strongly correlated with the damage accumulation, dynamic annealing and
defect agglomeration processes that occurred in the InP or InGaAs cap layers as a
consequence of implanting in the two different semiconductors at different temperatures. The
degree of interdiffusion was enhanced when large amounts of point defects were formed in the
cap layer, and reduced when complex defects with high thermal stability were created. At
elevated temperatures, highly mobile defects were created in the InP which produced the
greatest amount of mterdiffusion in the samples. The respective natures of damaged InP and
InGaAs have already been contrasted in the previous Chapters; the interdiffusion studies
decribed here show how these properties could be used to tailor blueshifting in the
InP/InGaAs and InGaAs/AlGalnAs quantum well systems. While large blueshifts can
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generally be achieved by the presence of an InP layer which contains highly mobile P-related
point defects in the structure, alternate group III/V structures with high therrnal stability, such
as those containing combinations of InGaAs and AlGalnAs layers, could be grown expressly
to be resistant to interdiffusion. In general, structures where group III imterdiffusion is
favoured do not interdiffuse as readily as those where disorder in both sublattices is possible.
Furthermore, given enough energy via annealing at high temperatures or for long times, the
extremely mobile P related defects created in InP capping layer could ultimately cause
extensive group V interdiffusion in the group III mobile systems (such as the
AllnGaAs/InGaAs case). When interdiffusion was driven by deep implants which passed
through the quantum well iself, the effect of the cap layer was removed due to the
opportunity for defects to migrate from both above and below the active region. When
interdiffusion is generated using high energy deep implantation, only the tail of the damage
profile is affecting the quantum well region. Although in the cap implantation case the
quantum well was not directly affected, its distance from the region of higher defect
concentration was less. The degree of blueshifting achieved in the deep implant case was not
as substantial - even after additional annealing steps - as that obtained using the cap layer

implantation technique.
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CHAPTER 8

Impurity Free Vacancy Disordering in

InP/InGaAs Quantum Wells



8.1 Introduction

Apart from the implantation-induced interdiffusion already discussed in Chapter 7,
impurity free vacancy disorderdog (IFVD) is another method available for tuning the emission
and detection wavelengths of optoelectronic devices, and one which results in the lowest
concentration of residual defects, In IFVD, defects caused by the presence of a dielectric layer
on the surface of the sample migrate down to the quantum well region during annealing and
thereby cause interdiffusion, as shown in Figure 8.1, The defects are generally understood to
be created by interfacial reactions between the semiconductor and dielectric layer during
annealing. The thermal stress created at annealing remperature, caused by differences in
thermal expansion coefficients between the semiconductor and the dielectric, is also
understood to modify the degree to which the various defects created in this way are able to
diffuse. 'While this has been proposed as the principal cause of imerdiffusion wsing this
technique, it is not known whether the strain felt at the quantum well during annealing is
sufficient to cause interdiffusion of the quantum well on its own, in the absence of interfacial
reactions with the dielectric. In this case, the defects causing the interdiffusion could onginate
from dislocations at the quantum well/barrier interface which occur under strain, as well as
grown-in defects which are never completely elimmnated from epitaxial strucrures. Systematic
investigations into such issues have yet to be pursued. Regardless of the exact mechanisms, it
has generally been found that the quality of the photoluminescence from such interdiffused
quantum wells compares very well to those from the orginal structures™. Thus it is a

worthwhile techaique to investigate for interdiffusion in InP/InGaAs quantum wells. The
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Figure 8.1 Schematic of interdiffusion induced by impurity free vacancy
disordering. The example given shows how interfacial reactions between the
capping layer and dielectric - resulting from the natural solubility of Ga in
Si0, - allow for Ga atom migration into the oxide and a corresponding
injection of Ga vacancies into the heterostructure. During annealing these

vacancies can migrate down to the quantum well and promote interdiffusiorn.

169



issues relating to interdiffusion using this technique are similar to those already discussed in
Chapter 7, however the results we have achieved here are vastly different, illustrating the extent
to which InP/InGaAs interdiffusion can be tailored using different techniques.

Ancther consequence of different diffusion coefficients for the group III and group
V sublattices is that after the interdiffusion process, the quantum well will no longer be
lattice matched, causing strain to be introduced into the system. This can have important
effects on the ultimate shape of the well potential profile*”, Varying ratios of group V to
group III diffusion have thus been predicted to result in different degrees of blueshifting of
the original quantum well emission, and in some cases even redshifting, as illustrated in
Figure 8.2, This Chapter discusses the role of silicon dioxide properties on interdiffusion in
the InP/InGaAs quantum well structures, capped with InGaAs. We also investigate the
effect of depositing dielectric single layers and bilayers, as illustrated in Figure 8.3, which
deliberately introduce either compressive or tensile strain into the system. The single layer
dielectrics consisted of Si0O, SiNy or TiO; deposited directly onto the samples. The
bilayers used a sublayer of SiO,, of varying thickness, and overlayers of either SiN, or
TiO,. Finally, the effect of undoped or Ga-, P- or Ti- doped spin-on silica layers is studied.
Interdiffusion was found to depend strongly on the capping layer as well as the type of
dielectric deposited on the surface. Both the induced strain and interfacial reactions
between the sample and the dielectric played a significant role in causing interdiffusion of

the quantum wells.
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Figure 8.2 Simulatons of ground state {electron-heavy hole) transition
energy variation with interdiffusion for a 6 am In . Ga,As/InP quantum
well, for various values of £ = group V/group III ditfusion rates. When & <
1 the mterdiffusion mae on the group V sublattice i less than the
interdiffusion rate on the group III sublattice, and vice versa. Taken from
Micallef*,
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8.2 Experimental

The InGaAs capped samples studied here were identical to those used in Chapter 7. For single
layer dielectric studies, PECVD was used to deposit 200 nm of SiQ, at room temperature and
SiN, at 300°C. The same thickness was used for deposition of TiO, single layers by electron
beam evaporation. For dielectric bilayer studies, SiO, was deposited at room temperature to
thicknesses of approximately 5, 14, 28 and 70 nm. 200 nm thick SiN, or TiO, overlayers were
then deposited using identical methods as for the single layer dielectric treatment. Studies using
spin-on glasses (SOGs) were done with undoped, Ga-, P- or T+ doped silica layers, which
were deposited on the samples by spinning at 3000 rpm for 30 seconds, then baking at 300°C
for 15 minutes.

The dielectrics of one half of the area of each sample were removed by etching with
10% HEF solution, in order to create a reference. The samples were then annealed at 800°C for
60 seconds, with an InP proximity layer next to the substrate, and a GaAs proximity layer next
to the InGaAs cap. Photoluminescence was performed at 77K using a red diode laser at 670
nm, and an InGaAs photodetector through a 0.5 m monochromator, in order to measure the
shifts in quantum well emissions. The relative PL energy shifts were calculated from the
difference between the emission energy of the dielectric coated side and that of the (annealed)
reference side on the same sample.

XPS in-depth profiling (using a VG ESCALAB 220-iXI. spectrometer with a
monochromated Al Ka x-ray source, and sputtering with a 5 keV Ar ion beam) was also
performed on the samples to investigate metallurgical reactions between the semiconductor

elements and the dielectric.
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8.3 SiO, Induced Interdiffusion

From the outser, inverdiffusion in the InP/InGaAs quantum well system using the IFVD
technique has revealed markedly different behaviour to the tmplantation induced disordering.
Depaositing a single layer of SiO, using PECVI) on the InGaAs capped samples resulted in no
inerdiftusion when the samples were subsequently treated at the standard annealing
temperature and tme of 700°C for 60s used in Chapter 7. By annealing at 800°C for 60 s, a
large shift of the emission wavelength (comesponding to an energy shift of some 85 meV),
occurred on the oxide-coated side of the sample, as shown in Figure 8.4. The quality of the
peak from the intermixed samples is also very good, indicating the high quality of the wafer as
well as the low concentration of residual defects created by IFVD. The as-annealed side of the
sample showed essentially no shift at all from the un-treated emission wavelength of ~ 1440
nm. In Chapter 7, the thermal shifts which occured in this sample for annealing at the same
temperature were a result of cumulative anneals; the samples experienced four 60 second
anneals {at 600, 650, 700 and 75C°C) prior to annealing at 800°C, which resulted in the thermal
shilts observed in Figure 7.5, The lack of thermal shifts observed here for a single anneal at
800°C therefore do ot contradict the results described in Chapter 7,

Similar experiments were also tried on the InP capped quantum well structures used in
Chapter 7, however no $i0, induced blueshifts were observed even for annealing temperatures
higher than 800°C. This was a consistent result over several experiments, and following inital
attempts to understand the reason for this, it was decided a thorough study was beyond the
scope of this work. Therefore, studies on the InGaAs capped quantum well structures are
pursued here. The IFVD behaviour of the InP capped samples remains an important topic for

funure work.
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Figure 8.4 77K photoluminescence spectra of InGaAs capped InP/InGaAs
quantum wells for PECVD of 60 nm SiO,. RTA 800°C for 60 sec. PL
spectra from annealed reference samples with no Si0O, layer are also shown

(no change was observed with respect to as-grown samples).

In previous work on GaAs/AlGaAs or GaAs/InGaAs quantum well systems, the
combination of a GaAs capping laver and a SiO, layer resulted in the injection of Ga atoms
into the oxide, providing Ga vacancies to drive interdiffusion®®. In these systems, diffusion
was only possible on the group IIT sublattice, and annealing temperatures of at least 850°C
were required to induce interdiffusion of the quantum wells. In the samples used here, we can
also assume an interaction of Ga atoms with the oxide {and through XPS measurements
shown later we have proof of this). It will also be shown at the end of this Chapter that
surface In also oxidizes and migrates through the $i0,. In the same experiments, very lile As-
O or P-O was detected in the oxide, indicating that the solubility of the group V elements in
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Si0, is much less. Thus, group I1I elemems have a strong tendency to move up into the
dielectric and form oxides. These metallurgical reactions occurring between the semiconductor
and dielectric must therefore play a role in causing interdiffusion in this quantum well system.

The presence of the oxide on the sample during annealing has another effect: at
ternperature the smaller expansion coefficient of Si0, with respect to InP or InGaAs will mean
that the sample will experience compressive stmain. The respective thermal expansion
coefficients have been listed in Table 8.1 (see p178). Two main effects resulting from this
compressive strain need 1o be considered: the known favourable conditions for vacancy
migration under compressive strain’, and in group V/III - mobile systems, the favourable
conditions for interdiffusion on the group V sublattice. The former effect is simply due to the
fact that the presence of a vacancy in the lattice causes locabzed tensile strain, and hence
migration of this type of point defect is energetically favoured under conditions of
compressive strain. We already have strong evidence that group III vacancies are being created
in the capping layer, and now the compressive strain being created at annealing temperature is
conducive 1o these vacancies moving around in the sample.

On the other hand, the SiOrinduced compressive stmin is also conducive to
interdiffusion on the group V sublattice. This can be understood in the following way
assuming that interdiffusion will occur during annealing in order to minimise the compressive
strain at the quantum well, the lattice constant of the InGaAs needs to be reduced (and that of
the barriers increased). This can be achieved by increasing the P content in the quantum well
and the As content in the bartiers. A transition from In(GaAs to InGaAsP in the quantum well
represents a change to larger bandgaps, hence a blueshifting of the emission wavelength.
Thus, at the quantum well, the compressive strain creates a strong driving force for group V

mrerdiffusion.
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Deenapanray er al." with reference to silica treatment of epitaxial GaAs samples, noted
that in addition to the formation of Vg, the compressive stress caused by the silica was
conducive to the formation of As interstitials, and as a consequence Asg, (Vg, + As; 2 Asg)
formation was also favoured. While there is no possibility for group V interdiffusion in GaAs
based quantum well systems, these findings show how the formation of Vi, at the
Si0,/InGaAs interface can lead to interdiffusion on the group V as well as group III
sublattice.

Thus, the SiO;-induced compressive strain and interfacial SiO,/InGaAs reactions
create opportunities for both group III and group V diffusion. As has been mentioned in the
introduction, this is a common feature of the InP - based quantum well systems. The question
which remains is whether diffusion on one or the other sublattice is dominant, or whether they
are both equal. As mentioned in the introduction, unequal diffusion of group III and group V
elements will cause its own strain at the quantum well. Thus, by inducing strain during
annealing via the presence of a dielectric layer, conditions could be created which are
energetically favourable for unequal interdiffusion on the group III and group V sublattices.

Knowing that Ga will diffuse into the SiO, would seem to support the predominance
of group III interdiffusion in the InP/InGaAs system, however this would be inconsistent
with computational studies by Micallef!, Li® and Bollet et 4l as well as the extensive literature
on Zn induced interdiffusion in InP/InGaAs quantum well structures™ . Such work indicates
that group III interdiffusion in the InP/InGaAs system is associated with a redshifting of the
photoluminescence, while blueshifting results when the ratio, &, of group V to group III
diffusion coefficients is greater than or equal to unity. The large blueshift shown in Figure 8.4
would seem to support a dominant group V interdiffusion. Moreover, higher annealing

temperatures were required to initiate group III interdiffusion in GaAs based quantum well

177



systems than were used here. During annealing, (in addition to the natural Ga and In solubility
m the oxide) the in-plane compressive strain felt in the semiconductor structure will cause Ga
and In atoms to diffuse into the $i0,, providiag group III vacancies which migrate into the
quantum well region. This initial group 111 interdiffusion, ¥ it penetrates far enough into the
sample, may have a potential to increase the In content in the quantum well. Increasing the In
content will increase the lattice constant of the InGaAs with respect to the InP barriers, thus
causing the quantum well o be under additional in-plane compressive stain,  Thus, we
propose that, while it is highly likely that group I vacancy injection is occurring in this
systern, the competing group V interdiffusion is the energetically favoured process, leading to
the large blueshift observed in Figure 8.4,

Summary

Blueshifting of InGaAs capped samples coated with Si0, was very large. Ga and In uptake
into the $i0, was considered as an important group III diffusion mechanism, although the
large blueshifts supported a dominant group V diffusion process (brought on by cormpressive
strain and faciliated by reactions with group III vacancies, leading to antisite and interstivial

formation).

8.4 SiO,, SiN, or TiO, Single Layer Induced Interdiffusion

If strain is playing an important role in driving the interdiffusion in this system, it follows that
inducing different types of strain into the system will result in different degrees of blueshifting.
We can test this idea by applying surface treatments that have different thermal expansion
coefficients, Table 8.1 shows the thermal expansion coefficients for InGaAs, InP, GaAs, 5i0,,

178



SiN, and TIO,. SiO, and SiN, have smaller thermal expansion coefficients than the
semiconductors, while TiO, has a larger coefficient. By depositing these materials onto the
samples and annealing, we can create both tensile and compressive strain in the system. Table
8.2 shows the blueshifting that was induced in the samples when treated with $i0,, SIN, or
TiO, single layers 200 nm thick, after annealing at 800°C for 60s. The as-annealed peak was
always located at approximately 1440 nm, which is also the emission wavelength of an
untreated sample. This serves to illustrate the remarkable consistency of the as-annealed peak

emission from sample to sample, and indicates the high quality of the wafer that has been used

Material | Thermal expansion coefficient (x 10° °C")
S0, 0.52
SN 28
InGaAs 5.25
InP 4.56
GaAs 6.86
TiO, 8.19

Table 8.1 Thermal expansion coefficents for InGaAs, InP and GaAs and

various dielectrics?.

Dielectric In(%ié\sf}cap
SiO; 85
SN >
TiO; 25

Table 8.2 . Photoluminescence energy shifts (in meV) for 200 nm PECVD
deposited Si0,, SiN, and TiO, single layers on InGaAs quantum well samples
after annealing at 800°Cfor 60 seconds.
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in these experments. Thus, the peak shifts listed in Table 8.2 are due solely to the dielecuric
layers, since there is mumimal thermal interdiffusion.

Intermixing occurs more readily when the sample is treated with 810, as compared w
SIN.. As a single layer, the SN, causes a small amount of blueshifting in the InGaAs capped
sample. The small amount of shifting could well be due to the incorporation of O and H into
the SiN, during deposition (a commonly reported issue with regatd to PECVD of SiN, layers),
which would then allow 2 small amount of Ga or In diffusion into the nitride, since it is known
that during PECVD of SiN, it Is very hard 1o remove oxygen competely. Otherwise, the
compressive strain conditions, and the resulting mechanisms already described, are exactly the
same as for SO, the only differences being a smaller degree of compressive strain and less
oxygen (if any} for group III elements to react with. Assuming strain and/or interfacial
reactions are the only causes for ioterdiffusion, it follows that the amount of blueshifting
observed would be less than for $i0,. It should also be mentioned that the importance of the
irterfacial reactions is not known. It may be that the compressive strain at the quantum well is
sufficient to induce interdiffusion on its own, or it may be that the interfacial reactions are
nawssary for defect injection which then kick-starts the whole interdiffusion mechanism.

Li & alV reported larger blueshifts for InGaAs capped InGaAs/InGaAsP quantum
wells when they were coated with SiN, than when they were coated with Si0O,, whereas Yu e
al? and Lee & al® found results similar to those reported in Table 8.2, with greater blueshifts
occurring for Si0, deposition. Different deposition conditions resulting in different quality
dielectrics may be responsible for these varied results. The role of the quality of the dielectric
(porosity and so on) on interdiffusion in InP based quantum well systems needs to be more

thoroughly investigated.
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The larger thermal expansion coefficient of TiO, as compared to IoP or InGaAs
means that tensile biaxial strain would be felt at the quantum well during annealing in the TiO,
treated samples. XPS experiments done on TiO, treated GaAs and InP surfaces (not shown)
have also shown Ga- or ln- oxide, respectively, throughout the dielectric.  These reactions are
similar to the case for Si0, treatment, although the degree of blueshifting shown for the TiO,
case in Table 8.2 is much less. If compressive strain provides favourable conditions for
vacancy diffusion, tensile surain will suppress it. Thus it would be expected that the presence
of TiO, on the sample surface is pot conducive to group 111 vacancy migration throughout the
sample, even these vacancies may be created in the cap layer as a result of oxidation of surface
In and Ga atoms™.

Dhuring annealing, the TiO, induced in-plane tensile strain felt at the quantum well can
be counteracted by an increase of lattice constamt in the InGaAs quantum well, which is
achieved by increasing the In content. A larger In concentration will reduce the bandgap of
InGaAs and thus the effective bandgap of the quantum well, creating the potental for a
redshift of the emission wavelength. A redshift was not observed, however. Micallef* has
shown thar for the case of dominant group 11 interdiffusion where the group V interdiffusion
is nonzero, both blueshifting and redshifting of the peak emission can occur, depending on the
extent of interdiffusion. A Jarge amount of interdiffusion will create an increase in the ci-hhl
transition: energy (blueshift), while a redshift is obtained for lesser amounts of interdiffusion.
This has been tllustrated in the simulations of Figure 8.2 above, where in a 6 nm InGaAs/InP
quantum well, for example, for & = group V/group III = 0.5 {dominant group III
interdiffusion), the c1 - hh! transition energy increases (blueshift) for a diffusion length, L, >

4 nm, and decreases (redshift) for L, <4 nm. In the case of our experiment, if the effect of

181



the TiO, felt by the semiconductor is very strong (due to the large thermal stress), then a large
amount of interdiffusion and thus slight blueshifting would be expected.

Summary

The separate but equally significant effects of chemical interactions between the capping layer
and dielectric, and of strain induced by different thermal expansion coefficients during
annealing, have produced some intriguing results. The greatest amount of interdiffusion was
seen in the SiO, deposition case. In the case of SiN, treatment, Ga or In migration into the
nitride has probably also occurred due to the unavoidable presence of oxygen in the dielectric,
and along with a smaller induced compressive strain during annealing, has resulted in a
blueshifting, albeit not as extensive as for the SiQ, case. SiQO, and SN, both having smaller
thermal expansion coefficients than InP or InGaAs, would have caused compressive biaxial
strain in the samples during annealing, creating favourable conditions for group V dominant
interdiffusion. The TiO,, having a larger thermal expansion coefficient than the InP or
InGaAs, has induced tensile biaxial strain which is conducive to group III dominant

interdiffusion.

8.5 SiO,- and SiN, or TiO, Bilayer Induced Interdiffusion

Single layer dielectric deposition has resulted in some intruiging responses from the samples to
different types of strain. To explore this effect further, bilayer dielectric treatments were
employed. It has already been shown that by depositing a layer of SiN, on top of layers of
Si0, of different thicknesses, which in tum have been deposited on InGaAs/GaAs quantum

well systems, the SiN, will suppress the intermixing induced by the Ga diffusion mnto
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Figure 8.5 Photoluminescence shifts as a result of SiO,/SiN, bilayer
dielectric treatment of the InGaAs capped InP/InGaAs quantum wells, with
the SiO, thickness varying between 5 and 70 nm and an overlayer thickness
of ~200 nm, after annealing at 800°C for 60s. a) Photoluminescence spectra
at 77K, b) Energy shifts as a function of SiO, thickness.

the SiO,, and that the degree of suppression decreases as the thicknesss of the SiG,
increases®”. We note from Table 8.1 that the thermal expansion coefficent of SiN, is greater
than that of SiO, but still less than that of InGaAs and InP. We have chosen to repeat this
technique to see i it has an effect on the intermixing of the InP/InGaAs system, which is
proving to be highly susceptible to strain. We have tried it with a TiO, overlayer as well, which
has a thermal expansion coefficient larger than that of InGaAs and InP.
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Figure 8.5 shows the photoluminescence spectma and energy shifts as a function of
Si0, thickness, from the InGaAs capped quantum well samples that have been coated with the
SIO/SIN, dielectric bilayers.  Positive energy shifts correspond 1o a blueshift in
photoluminescence with respect to the as-annealed emission. 'The shifts due to SiO, only
deposition, depicted by the thick grey line, remain constant (within experimental error)
regardless of the Si0, thickness. Figure 8.5 (a} shows behaviour that is consistent with the
experiments done on AlGaAs/GaAs systems™. The SiN, is suppressing the degree of
intermizing, with the thinnest SiO, lyers yielding the smallest blue shift in the
phowluminescence peak with respect to the as-annealed sample. As the Si0, layer becomes
thicker, the effect of the 8i0,/InGaAs strain induced by the SilN, overayer is diminished, and
the peak emission is increasingly blueshifred.

When comparing the expansion coefficients of SiN,, Si0,, InGaAs and InP, we see
that the SIN, overayer will be reducing the amount of biaxial compressive strain in the
semiconductor caused by the Si0,. Thus the amount of strain felt at the quantum well will be
less, resultng in a smaller amount of intermixing and reduced blueshifting. As the SiO,
thickness is increased, thereby increasing the compressive strain, the blueshifting increases.

Figure 8.6 shows the effect of the $i0,/Ti0O, bilayers. The larger thermal expansion
coefficent of the TiO, when compared to InP and InGaAs has had a novel effect on the
intermixing behaviour of this system. Not only does this overlayer suppress the blueshifting
associated with SiO-only treatment of the sample, at a 8i0, sublayer thickness of ~28 nm,
there is actually a significant rebhf (negative energy shift) of about 60 nm. This experiment
has provided a way of varying the degree of intermixing by varying the strain, and thus we are
able to probe different stages of the group III dominant intermixing as proposed by Micallef

and Bollet & 2% (see Figure 8.2).
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Figure 8.6 Photoluminescence shifts as a result of $i0,/TiO, bilayer
weatment of InGaAs capped InP/InGaAs quantum wells, with the SiO,
thickness varying between 5 and 70 nm and an overlayer thickness of ~200
nim, after annealing at 800°C for 60s. a) Photoluminescence spectra at 77K, b}
Energy shifts as a function of Si0, thickness.

The result of TiO, deposition in the absence of SiO, discussed in the previous section
is shown by the open circle in Figure 8.6 (b). The blueshift of 25 meV for TiO, deposition is
slightly more than for the $i10,/'T10, case where the sublayer is thinnest, although less thaa the
~70 meV induced by $i0, only deposition.

As mentoned eardier, regarding sinmlations such as by Micallel e af, group III
dominant interdiffusion, such as is favoured by tensile stain, is able to produce both
redshifting and blueshifung. When there is a large amount of domimant group III
interdiffusion, a small amount of blueshifting is expected. When this diffusion is to a lesser
extent, redshifting of the emission wavelength is possible. For the thinnest $iO, sublayers, the
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effect of the TiO, felt by the semiconductor is very stong, which would cozrespond to a large
amount of interdiffusion and thus some blueshifting. As the sublayer thickness is increased
and the effect of the TiO, is reduced, the amount of interdiffusion decreases. The peak
emission shifts further to the red end of the spectrum, reaching a maximum the 28 nm
sublayer case. As the sublayer thickness is increased further, the peak shifts back towards the
SiOyonly peak, presumably because the strain caused by the SiO, sublayer has begun 1o

compete with the strain caused by the TiO, overlayer.

Summary

Using a bilayer dielectric treatment, it was possible to see how varying the amount of strain
experienced by the quantum well during annealing changed the interdiffusion. SiN/SiO,
treatment of the InGaAs capped sample resulted in reduced blueshifting as the strain was
decreased.  TiO,/SiO, treatment allowed a thorough probivg of the group III dominant
interdiffusion by varying the thickness of the Si0,, and at certain thicknesses a redshift in the
quantum well emission was observed. Such an evolution of blueshifting to redshifting is
consistent with modeling of the group I dominant process done by Micallef and Bollet &
Al

8.6 Spin-on Glass Induced Interdiffusion

Spin-on glasses provide vet another way of inducing IFVD. They are also easily obtainable
with various doping elements, which, in the case of this work, is useful for testing various
theories abour which elements are diffusing into the dielectrics. SOGs provide a very simple

and cost effective means for inducing interdiffusion. Moreover, there are fewer deposition
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Figure 8.7 Photoluminescence shifts of InGaAs capped 1aP/InGaAs quantum
wells coated with an undoped, Ga-, P- or T- doped spin-on glasses, baked at
300°C for 15 munutes and then annealed at 800°C for 60s.

parameters involved using this form of silica treatment (as compared vo PECVD deposition).
In the previous sections we varied the amount of strain induced into the samples, whereas here
the importance of interfacial reactions can be studied. In similar experiments on
GaAs/AlGaAs quantum well systems, Fu & 4. found that, as proof of the concept that Ga
atoms were diffusing into the Si0, to promote interdiffusion, deposition of Ga-doped spin-on
silica glasses resulted in a decreased amount of blueshifting®. In the same work, it was found
that undoped and P- doped SOGs produced similar interdiffusion.

Figure 8.7 shows the quantum well emissions resulting from undoped, Ga-, P- or Tt
doped silica deposition on the InGaAs capped InP/InGaAs structure, post annealing ac 800°C
for 60s. Unlike the experiments done with PECVD deposited dielectrics, the as-annealed
emission has shifted slightly from the un-treated value of ~ 1440 nm, to ~1400 nm. While

annealing at 800°C is not expected to induce significant intermixing in the InGaAs capped
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samples (as was consistently the case in the previous sections), the combination of this step
and the prior 300°C baking for 15 minutes used to set the silica films has produced this
thermal shift in the peak emission. The spun-on silica has caused blueshifting in additon to
this thermal shift. The undoped SOG results in 2 shift to ~ 1250 nm, which is larger even
than that for the PECVD deposited SiO,, although the peak has broadened and has a
decreased intensity with respect to that of the as-annealed sample. Ga doping has produced a
suppression of this blueshifting, with suppression from the P doped SOG even more
significant. The peak resulting from weatment with the Ti doped SOG has caused a redshifting
with respect to the as-annealed peak, back to ~ 1440 nm. Alternatively this can be seen as a
total suppression of interdiffusion, even thermal diffusion, such that the peak emission does
not shift at all from the untreated value. It is worth mentioning that doped SOGs have also
been used as sources of dopants for Si - based devices, however the annealing temperatures
used are typically greater than 1000°C and the times are much longer than 60s. Hence, while
there is a small possibility of injection of Ga, P or Ti into the samples from the respective
doped SOGs, the annealing conditions used in this study make it likely that such an effect is
seglgible.

The results of XPS in-depth profiling done on the sample treated with the undoped
SOG after annealing at 800°C are shown in Figure 8.8. The region of increased Ga and As
signals for Ar ion sputtering {etching) between ~250 - 350 seconds corresponds to the 50 nam
InGaAs capping layer. For etching times beyond this, signals are being collected from the InP
barrier. The slight increase of Ga and As signals at an etching time of ~ 470 seconds
corresponds to the 5 nm quantum well. Because the sputtering rate was quite fast, this very
thin InGaAs layer does not show up cleardy through the dominant InP signals. Both O and $i

are injected into the sample, right through the capping layer, with oxygen penetrating deeper
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Figure 8.8 XPS in-depth profiles of InGaAs capped InP/InGaAs quantum

wells treated with an undoped SOG, baked at 300°C for 15 minutes and then

annealed at 800°C for 60s. In-O, Ga-O, As-O signals within the silica have

been magnified 10 x.
than Si. A similar penetration of Si and O signals into the semiconductor has also been
observed in XPS profiling of samples treated with PECVD SiO, (not shown). In-oxide and
Ga-oxide are present from the surface of the dielectric, through whole sifica layer down to the
InGaAs cap. As-oxide is seen at the interface of $i0,/InGaAs {the In, Ga and As oxide signals
have been magnified in the figure). At certain depths, Ga-As signals are seen together with P
signals, pointng to interdiffusion between the InGaAs cap and IaP barrier. However, it is not
clear how deep this interdiffusion might be, since the kinetic energy of P 2p is relatively high,
causing the penetration depth of such a signal to be relatively high. A large P signal is seen at
the surface of the silica, however this was not a P-O signal; thus it has been disregarded as a

result of contamination during the experimental process.
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There are three features to the interdiffusion caused by treatment with the undoped
silica: the penetration of Ga, In and also As into the silica, and the significant P presence in the
InGaAs capping layer. The Ga and In injection into the oxide is as expected, and hence Ga
doped SOG wrearment results in 2 decreased blueshifting since the driving force for the Ga o
diffuse from the InGaAs to the oxide is reduced. The presence of P in the InGaAs, and the
migration of As to the surface and its penetration into the oxide is definitive proof that the
silica treatment is allowing for group V intermixing (this can also be applied to PECVD Si0,
treated samples discussed in the previous section). The As presence i the oxide is particulady
interesting, since this was not found In the case of (PECVD) $iQ, treated GaAs capped
Gahs/ AlGaAs quantum well structures. Pethaps, in the case of this quantum well system, the
strong group V interdiffusion mechanism has caused the As to migrate into the silica. While P
has migrated into the capping layer, there is a strong decrease in the P content near the
interface with the silica,

It is interesting to note that, in the GaAs/ AlGaAs quantum well systerm, the P - doped
SOG produced similar blueshifts 1o that of the undoped SOG, while in the case of the
InGaAs/InP quantum well system, strong suppression of interdiffusion has occurred with the
deposition of P - doped SOG. 'The latter finding indicates the important role played by group
V mterdiffusion in this system, although exact reason for this result is not yet clear.

Finally, the Ti doped SOG may be producing this strong suppression of interdiffusion
because of a change in thermal expansion coefficient resulting from the presence of Tiin the
silica. Since after baking, Ti- doped silica would become a combination of Ti(), and silica, 1t is
reasonable to assume that the resultant effect on intermixing is similar to the TiO,/SiO, bilayer
case. At this stage, the rele of dopants on the thermal expansion coefficients of silica films is
not known. However, a plausible explanation for the suppression of blueshifting could be
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found in a combination of group III and group V interdiffusion which results in no varation
of the peak emission wavelength from the as-grown value. Further work is necessary to
understand the mechanisms responsible for the suppression caused by P- and Ti- doping of
the spin-on glass. It may be that Ti-doped spin-on glasses could be used 1o enhance the

thermual stability of InP/InGaAs quantum well systerus.

8.7 Conclusion

Interdiffusion in InP/InGaAs quantom wells capped with InGaAs using the IFVD technique
has provided very surprising resuls, The system has shown itself to be highly versatile, with
different dielectric treauments and capping layers apparently drawing owr different degrees of
interdiffusion on the group III and group V sublattices. The system is also highly susceptible
to strain. Variation in both the doping of silica films as well as strain induced during annealing
were able to greatly modify the emission wavelengths.

In addition to the expected Ga diffusion into $iQ,, In atoms also show a strong
tendency to react with O. Large blueshifts were achieved by depositing S:0, on InGaAs
capped samples and anaealing ar 800°C for 60 seconds. The explanation for this behaviour
was that, while group 11T reactions with the oxide may provide a kick-start mechanism for
interdiffusion, the compressive in-plane strain felt at the quantum well during annealing is
conducive to dominant diffusion on the group V sublartice.

S$iN, treatment produced smaller blueshifts than SiO, treatment of the samples. This
was explained by a reduced compressive stmin and a lesser degree of interfacial reactions
between the dielectric and InGaAs cap.

Ti0,, with its larger thermal expansion coefficient than the semiconductors, causes

tensile in-plane strain at the quantum well during annealing. This is conducive t
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mrerdiffusion on the group 111 sublattice.  According to simulations, a large degree of group
11T dominant interdiffusion {cavsed by a large amount of tensile strain) results in a small
amouat of blueshifting,

SiN,/SIO, dielectric bilayer treatment of InGaAs capped samples yielded behaviour
consistent with similar experiments donie on InGaAs/GaAs quantum wells. The SiN,, with its
smaller thermal expansion coefficient than Si0O, (although still larger than that for InP or
InGaAs) acts t reduce the amount of strain caused by the $i0,. Thus, the degree of
blueshifting is less than for Si0O, only deposition. If the thickaess of the underlying SiO), is
varied, this reduction of blueshifting is strongest (weakest) when the S0, is thinnest (thickest).

Ti0./Si0, bilayer dielectric deposition onto the InGaAs capped samples, with the
competing combination of tensile in-plane strain caused by the larger thermal expansion
coefficient of the TiO, and compressive in-plane strain caused by the SiO,, has produced the
most interesting resubis. In some cases, the pesk emission was redhffed from the untreated
value, from ~1440 nm to ~1500 nm, These results were explained by the varying degrees of
group I dominant interdiffusion caused by changing the proximity of the Ti0, to the
quantym well {which was achieved by changing the thickness of the underying $10)).
Depending on the extent to which the group 1II dominant interdiffusion progresses, either a
blueshift or a redshift in peak emission has been predicted (as shown in Figure 8.2)

Undoped spin-on glass treatment of the InGaAs capped samples resulted in the largest
blueshifting, from ~1400 nm o ~1250 am. Doping the SOG with Ga produced a reduction
in blueshifting, which could be explained by the reduced Ga uptake from the semiconductor.
This would seem to indicate that the group III reactions with the oxide do sull play an
important rele, and compete with the role played by strain in determining the degree and type
of interdiffusion in the quantum well. P- doping of the SOG suppressed the blueshifting even
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further, which is interesting given the indications that P appears to have very low solubility in
the silica. It was shown that As-O bonding does occur, however. The strength of the
suppression of blueshifting in the case of P- doped SOG treatment is further evidence of the
importance of group V interdiffusion. Ti doping of the SOG produced an even stronger
suppression of blueshifring, which may be due to a different thermal expansion coefficient
which is causing the silica to behave Itke TiO,.

Suggestions for further work

Many questions remain unanswered with respect to the exact mechanisms responsible for
imerdiffusion in systems where mixing of elements can occur on both the group I as well as
group V sublattices. Interdiffusion using the impurity free vacancy disordering technique
seems to be the most direct probe of the issues relating to this. To test the ideas presented in
this Chapter regarding the dominance of group V interdiffusion, similar experimeats could be
done on structures where the possibility of group III interdiffusion is removed. For example,
InGaAs/InGaAsP quantum well structures could be used, with the In and Ga compositions
held at the same value in both materials. It may also be interesting to compare GaAs and GaP
interactions with SiO,. Another question is whether In and Ga reactions with O in SiO, or
TiO, occur with equal likelihood. As far as spin-on glass deposition, similar experiments could
be tried using InP/InGaAs with InGaP capping layers to see if the effect of P-doping is any
stronger. Since doping of this silica (as opposed to varying porosity) did seem to have an
effect on the degree of interdiffusion achieved, it may also be interesting to try interdiffusion

using deposition of Ga,0, (and oxides of the other constituent elements in the sample;}.
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CHAPTER 9

Concluding Remarks and Suggestions

for Further Work



Many irteresting properties of damaged or defective InP and InGaAs have been revealed
by the investigations presented in this Thesis, and the combined enhancement or
suppression of various of these properties has been demonstrated to be a useful
technique for creating potential optoelectronic device materials. The intriguing defect
formation and agglomeration contrast between these two semiconductors was studied in
depth. Damage in InP was highly sensitive to the implant temperature (room
temperature or 200°C), while damage in InGaAs appeared to be independent of the
implant temperatures used. Very strong dynamic annealing occurred in InP when
implanted a¢ 200°C, though it was weak for implants at room temperature. Dynamic
annealing was also strong in InGaAs at both temperatures,

It was found in both semiconductors that, for the same implant dose, the amount
and type of damage created in the material did not scale with implant ion atomic mass.
Moreover, the amount and type of damage correlated strongly with the observed optical
and electrical properties. This was even more true after annealing, In the case of
implantation into InP with As and Ga, whose atomic masses were very close to each
other, very different structural, optical and electrical properties were observed.
Implanting with Fe into both InP and InGaAs m general did produce more extensive
damage than implanting with the other elements used in this work, and this can be
attributed to the strong chemical reactivity between the implanted Fe and the constituent
elements of these ITI/V semiconductors.

Both InP and InGaAs share a characteristic » -type conductive behaviour, due to
intrinsic donors in the case of undoped material, and due to the formation of shallow
donors when the material is defective due to being grown at low temperatures or

implanted.  Such conductive behaviour is not ideal from the point of view of
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oproelectronic device applications, since the resulting devices would have high leakage
currents, thus causing reduced sensitivity as well as heat fatigue shostening of device
lifetimes. As a result of single energy tmplants into InP with P, As, Ga or In, either
single or double 7z~ conductive layers were formed in the region of peak damage, whose
conductivity increased with annealing temperature. This n-typeness can be compensated
for by doping with Fe, implanting with Fe and annealing to temperatures above 600°C
for 30s ~ both of which rely on deep acceptors caused by Fe complexes to act as
trapping centres, or else implanting into initially p -type material. Compensation can also
be achieved using implant-isolation techniques, and this was investigated in the case of
both - and z- type InGaAs, where 1t was found that maxinum resistivities occurred at
the dose which resulted in the greatest balance between the free carriers, implant induced
shallow donors, and implant induced deep traps. In this way, resistivities as high as 107
/[ were achieved in the case of O, Cand Li implanted p -type material, although the
dose ar which this compensation occurred was crtical, since at doses above
compensation the strong shallow donor formation mechanism quickly reduced
resistivities.

The damaged semiconductors have characteristic short optical lifetimes, due to
the high concentrations of defects which act as recombination centres. This property
was investigated with a view to creating muaterals for ulrafast optoelectronic
applications: ultrafast photodetectors and saturable absorbers for the mode locking of
solid stare lasers. In the former case, good mobilities and high resistivities are required in
addition to the short lifetimes, while in the latter case highly resistive material is not as

crucial. It was found that, using the compensation techniques of Fe implantation mto
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semi insulating material and implants with other elements into p - type material, lifetimes
as short as 130 fs were achieved in InP and 300 fs in the case of InGaAs, both when
implanted with Fe and annealed at 500°C for 30s. Such low annealing temperatures were
required to maintain high levels of damage which resulted in the shortest optcal
Idetimes; however, they did not coincide with Fe activation in the semiconductor.
Correspondingly, the sheet resistance in these two cases was ~5 x 10° Q/[. To obtain
higher resistivities at this annealing temperature, it was necessary to implant into p -type
material. In the case of p -InP, the compensation region turned out to be fairly
independent of dose, resulting inn decay times of the order of 400 {s and sheet resistivities
of ~ 10° /00, which overall seemed to constitute the optimal parameters for an
ultrafast photodetector material. In the case of p - InGaAs, sheet resistivities slightly
bigher than this were achieved, for implant doses above 10 em? in samples with a high
initial free carrier concentration of ~3 x 10" ey, In this case, the damage produced
resulted in optical lifetimes below the detection limit of the experimert. The correlation
between initial carrier concentration and threshold dose could be further explored using
the p -type material, such that optimal implant and annealing parameters for ultrafast
InGaAs could be obtained.

All of the investigations for the Chapters just mentioned could also be pursued
further using multiple energy implant schemes, which would avoid issues relating to the
non-uniform damage profile which is a characteristic of the single energy implants,

The defects of InP and InGaAs were also investigated as vectors for
interdiffusion in InP/InGaAs and InGaAs/AlGalnAs quantum well systems. In the

former system, interdiffusion of both the group Il and group V sublattices was possible,
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while in the latter system, group TII interdiffusion only was favoured. It was found that
the thermal stability of the InGaAs/ AlGalnAs system: was higher than the [nP/InGaAs
system, due to the fact that interdiffusion on the group V sublattice occurred at much
lower temperatures than on the group I sublattice. The defects were introduced into
the quantum well structures in two ways: either by implaatation, or by chemical reactions
with/strain induced by deposition of dielectric layers on the semiconductor surface. In
the case of mmplantation, energies were chosen such that the damage occurred either
within an InP or InGaAs capping layer or well into the sample (through the quantum
well). When cap layer implantation was employed, the type of capping material (InP or
InGaAs) did have an effect on the degree of interdiffusion ~ this was correlated with the
damage accumulation processes in that layer. I the damage was too great, such that
thermally stable types of damage such as clusters and loops could be formed, the defects
did not migrate down to the quantum well in sufficient quantities during annealing to
cause significant interdiffusion. On the other hand, highly mobile point defects caused
Jarge amounts of interdiffusion. Correspondingly, InP cap layers resulted in large
blueshifts when implants were done at 200°C, due to the greater dynamic annealing and
thus greater concentrations of point defects at this temperature.  Room temperature
implantation into InP capped samples and at high doses reduced this interdiffusion;
indeed, at the highest doses, implants at this temperature resulted in amerphisation of the
cap layer, indicating the degree to which thermally stable, complex defects were being
produced. InGaAs capping layers caused less interdiffusion than InP due to the differem
damage caused and because of the favoured group III interdiffusion. Deep implants
resulved in interdiffusion that was independent of the capping laver, and was greater in
the InP/InGaAs system due to the greater group V interdiffusion. In general, cap layer
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implantation was the less destructive technique of the two, producing greater
iterdiffusion.

Impurity free vacancy disordering of the InP/InGaAs quantum wells capped
with InP and InGaAs yielded many of the most fascinating results of this work While
the degree of blueshifting in these structures interdiffused by implantation could be
explained in terms of the number and type of defects created, IFVD appeared to allow
for variation of the respective group I and group V diffusion lengths. This in turn
resulied in very large blueshifts of up to ~200 nm, and in some cases redshifting of the
peak emission some 60 am. In other cases, complete suppression of interdiffusion was
obtained, even for annealing at 800°C, resulting in a thermally stable quantum well
sample which would have otherwise diffused extensively at this temperature. The Jarge
range of wavelength tuning options for this system then becomes obvious. When the
conditions for domnant group V interdiffusion were created, as in the case for Si0, or
undoped SOG treatment of the InGaAs capped quantum wells (where a great deal of
compressive strain was caused at the quantum well during annealing, and interfacial
reactions between the InGaAs and the silica occurred, as well as group V exchange
between the cap layer and barrier) extremely large blueshifts were created.  Moreover,
the quality of the shifted emission peak was excellent. Unlike similar treatments of
GaAs/ AlGaAs or GaAs/InGaAs systems, the interdiffusion was only weakly dependent
on group HI element interactions with the dielectric. In addition to the known Ga
mugration mto Si0;, 1t has been found that In also forms an oxide and will penetrate
through to the dielectric surface in this form. It was postulated that the group Il element
weractions may provide a kick-start mechanism, after which group V interditfusion

becomes dominant.
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When the conditions for dominant group IIT interdiffusion were created (i
plane tensile strain during annealing, created by deposition of TiO, which has a larger
thermal expansion coefficient than InP or InGaAs), small blueshifts or redshifts were
created. This was explained according to modeling which showed how the combination
of strain felt at the quantum well and variations in composition during different stages of
mterdiffusion resulted in either an increase or decrease in the quantum well bandgap.

Doping, spin-on glasses provided further indications of the relative importance of
group V and group IIT interdiffusion in the system, as well as the degree to which
interdiffusion could be affected by interfacial reactions betoeen the oxide and the
capping layer. Ga doping, similarly to InGaAs/GaAs and AlGaAs/GaAs systerms,
resulted in a reduced blueshifting due to the smaller incentive for Ga uptake into the
SOG from the sample. P doping of the SOG produced an even stronger suppression of
blueshifting, which would seem to indicate the greater importance of diffusion on the
group 'V sublattice and supports the idea of dominant group V interdiffusion i the
sample using a silica treatment. Given that only a small amount of As-O was found ac
the semiconductor/ dielecenc interface, this result is quite mteresung,

Ti doping of the SOG produced the strongest suppression of blueshifting, with
the peak emission barely moving from its untreated value. The exact reason for this was
not clear; further work is required to understand the mechanisms involved in this case.

Many more experiments could be done w elucidate the exact interdiffusion
mechanisms in the group V/II - diffusion quantum well systerns.  Growing structures
where only group V diffusion could occur, and then repeating the experiments presented
here might give further clues. Studies into the quality of the dielectrics {porosity etc) and

the effect of this on interfacial interactions and subsequent interdiffusion also needs to
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be thoroughly investigated. Deep level transient spectroscopy and Fourier transform
infrared spectroscopy could yield further information about the types of defects
occurring i the sample and the quality of the oxides and mitrides deposited. Knowing
the effect of different doping elements on the thermal expansion coefficient of the spin
on glasses would also be very useful.

The potential of defective InP and InGaAs as materials useful in optoelectronic
applications has been extersively explored in this Thesis. In particular, these materials
have been shown to have qualities ideal for ultrafast long wavelength optical detection,
and the extent of the emission/detection wavelength tuning possibilities of quantum
wells made from these semiconductors has also been revealed. In order to achieve these
main aims, ways of dealing with the intrinsic 7 -typeness of the defective InGaAs and InP
had to be found, and in the case of interdiffusion studies, the appropriate annealing
teraperatures and conditions which avoided extensive thermal diffusion and the
formation of complex defects had to be established. Many interesting features of these
materials could be further investigated with a view to their development for novel device

applications,

203





