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Abstract

The MBE growth of Ino.5 3 Gao.47 As and Ino.5 2 Alo.48 As lattice matched to InP 
is investigated. Accurate formulae relating the splitting between X-ray rocking curve 
peaks to the composition of InxGa(i-x)As and InxAl(i.x) As are developed, enabling 
accurate characterisation of alloy composition close to the lattice matched condition. 
Close scrutiny of the behaviour of InAs RHEED intensity oscillations indicates that 
the onset of In droplet formation during InAs growth correlates with a small reduction 

in the period of the intensity oscillations. This reduction can therefore be used to 
identify the minimum permissible As2 partial pressure for good morphology growth 
at any substrate temperature. The measured values of minimum A s2  flux for the 
growth of InAs agree very well with predictions based on simple thermodynamic 
arguments. These arguments can be extended to deal with the behaviour of 
Ino.5 3 Gao.4 7 As and Ino.5 2 Alo.4 8 As by treating the ternary alloys as a pseudo-binary 
compounds. The results are again in excellent agreement with experimental 
measurements, although in the case of Ino.5 2 Alo.48 As it is necessary to derive the 
necessary thermodynamical constants by performing a fit to the experimental data.

Photoluminescence characterisation of bulk Ino.5 3 Gao.4 7 As indicates the 
presence of a surface InAs segregation layer whose thickness is controlled by the 
mismatch between the layer and the substrate. Accurate control of alloy composition, 
obtained by calibrating the incident group III fluxes using RHEED oscillations on 
separate substrates, enables the thickness of the segregation layer to be minimised. 
The accuracy of the RHEED calibration technique is demonstrated by the close 
correlation between the measured and predicted wavelengths of photoluminescence 
peaks from a series of single quantum well samples. It is also shown that a marked 
im provem ent in the interface quality of single quantum wells is obtained by 
increasing the substrate temperature during growth and minimising the As2 

overpressure.
A series of high quality Si 3- and slab-doped In0.53 Ga0.47 As samples has been 

grown with design doping densities in the range 2 x l 0 12cm ' 2 to 1.5 x lO ^cm -2. 
Analysis of Shubnikov-de Haas oscillations obtained for the samples shows 
increasing amphoteric behaviour and spreading away from the doping plane as the 
doping density is increased. By distributing the Si dopant atoms through a thin slab 
during growth it is possible to increase the activity of the Si and obtain comparable 
spreading, suggesting that this is the more efficient method of generating high carrier 

densities in Ino.5 3 Gao.47 As.
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Chapter 1 
Introduction

1.1 General Introduction

The molecular beam epitaxy (MBE) process utilises the reaction of one or 

more thermally produced beams of atoms and molecules with a heated substrate 
held in ultra-high-vacuum (UHV) conditions. The first practical demonstration of 
this process for GaAs was by Gunther1 in 1958 on glass substrates so the layers 
produced were polycrystalline. It was not until ten years later when monocrystalline 
material was produced by Davey et al 2 and Arthur3  that films grown by MBE 
were shown to have electrical and optical properties which were comparable to 
those produced by the then dominant growth techniques, such as liquid phase 
epitaxy (LPE). MBE has several advantages: it is possible to obtain precise control 
over layer thicknesses, doping profiles, and uniformity across the wafer. The UHV 
environment of the growth chamber allows the growth process to be controlled in 
situ by a range of measurement techniques such as mass spectrometry, reflection 
high energy electron diffraction4 (RHEED), Auger electron spectroscopy5, X-ray 
photoelectron spectroscopy6, low-energy electron diffraction7, electron energy loss 
spectroscopy8 and secondary-ion mass spectroscopy9.

Much of the initial research into the growth of III-V materials by MBE 
involved the GaAs/AlGaAs material system. This was preferred to other possible 
III-V combinations since the conjunction of GaAs with AlGaAs produced abrupt 

changes in band-gap energies and refractive indices, while at the same time 
maintaining an almost identical lattice constant As a result, GaAs/AlGaAs has been 
the most extensively studied of the III-V systems and the surface dynamics and 
growth kinetics have been thoroughly investigated. Early pioneering work by 
Foxon and Joyce10’11’ in particular, has given a clear understanding of the growth 
processes and several com prehensive reviews on the subject have been 
published12’13*14.

The diversification of MBE into other materials systems was prompted by 
two separate requirements: the necessity of improving the performance of existing 
devices, which had become limited by the basic properties of the GaAs/AlGaAs 
system, and the need to tailor the operating wavelength of optical devices to specific 
applications. The indium containing ternary InGaAs/AlInAs system lattice matched 

to InP became of interest since it offered improvement in the performance of

1



millimetre wave components15 but could also operate at wavelengths suitable for a 
variety of optical devices, especially in the area of fibre communication16.

High electron mobility transistors (HEMTs) are a fundamental part of many 
millimetre wave systems. In these devices, electrons are transferred from a highly 
doped wide-gap material to a narrow-gap intrinsic material. The electrons form a 2- 
dimensional electron gas (2DEG) at the hetero-interface, which is spatially 
separated from the donor. This separation between donor impurities and donated 

electrons reduces scattering in the structure and enables devices to be produced with 
very high electron mobilities. The maximum doping density of the 2DEG is limited 
by the conduction band offset, AEC, at the interface. For GaAs/AlxGa(i_x)As 
devices, the value of AEC in the range 0 < x < 0.45 is given by17:-

AEC = 0.8 lx  (1.1)

where x is the A1 fraction in the AlxGa(i_x)As and is, in practice, limited to about 
0.3 as higher values produce deep level traps which degrade device performance. 
This effectively restricts the conduction band offset in GaAs/AlxGa(i_x)As to a 
maximum value of 0.24eV. The conduction-band offset between Ino.53Gao.4 7 As 
and Ino.5 2 Alo.4 8 As is 0.52eV, more than twice as large as GaAs/AlGaAs. This 
allows higher 2DEG densities and provides stronger confinement for the quantum 
well that is formed at the interface.

The relative effective mass of electrons in Ino.5 3Gao.4 7 As is 0.041, which 
is lighter than the GaAs value of 0.067. This results in higher electron velocities 
and hence smaller electron transit times through Ino.5 3 Gao.4 7 As devices. A 
comparison of the velocity-field characteristics17 of Si, GaAs and Ino.53Gao.4 7 As 
is shown in Figure 1.1. The maximum electron velocity in Ino.5 3Gao.4 7 As is 
= 3 x l0 7cm s_1, which is very much larger than both Si and GaAs, making 

Ino.53Gao.4 7 As ideal for use as the active channel in HEMT structures.
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Figure 1.1. Velocity-Field characteristics of electrons in Si, GaAs and Ino.5 3 Gao.4 7 As

(reproduced from reference 17)

Another attraction of Ino.53Gao.4 7 As is its larger energy separation between 
the r  and L valleys within the band structure. Electrons find it more difficult to get 

scattered out of the high-mobility valley and as a result when, they first encounter 
an electric field, they are accelerated to higher velocities before the first scattering 
even t occurs. The velocity  overshoot is therefo re  stronger in 
In0 .53Gao.4 7 As-HEMT's, which further enhances their speed advantage over GaAs 

based devices for high frequency applications.
Ino.5 3 Gao.4 7 As/Ino.5 2 Alo.4 8 As HEMT's on InP substrates have been 

produced with current gain cutoff frequencies of over 300GHz18, and minimum 
noise figures of 1.2dB at 94GHz19. This makes Ino.5 3Gao.4 7 As/Ino.52Alo.4 8 As 
devices very promising for operation in the 94 and 140GHz atmospheric windows. 
Applications for such high frequency devices include future communications 
systems operating at more than 40Gbs_1, high definition radar systems, smart 

weapons, and collision detectors.

A principal goal of optoelectronic device research has been high 
transmission rate capacity over long distances. This requires lasers and detectors 
which operate at a wavelength of 1.55pm where optical fibres have their minimum 

loss. GaAs optical devices which operate at 0.8pm are not appropriate for this 

application, and interest has focused on the InP based materials systems such as 

Ino .5 3 G ao.4 7 A s/Ino .5 2 A lo.4 8 As. It is already possible to obtain reliable
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low-threshold lasers based on Ino.53Gao.47As grown by metal organic chemical 

vapour deposition (MOCVD), and integration of a PIN detector diode with a 

MESFET transistor on InP has also been achieved20 . In general, however, the 

technology for InP optoelectronic integrated circuits (OEIC's) has not progressed 

much beyond small-scale integration2 L This is in part due to the limitations of the 

growth technology, w hich has meant that InP and Ino.53Gao.47As electronic devices 

integrated with optical devices have not been able to match the performance of GaAs 

based devices.

In addition to fibre communications systems, InP based technology has 

been used in optical computing applications22. Optical signals do not interfere with 

each other and are free from the capacitance effects associated with electrical signals: 

this makes massively parallel data-processing systems possible25. An example of 

the type of device being investigated for such a system is the light amplifying optical 

switch24 (LAOS). This is a phototransistor vertically integrated with a light- 

emitting diode (LED) or a laser. The device can be made by epitaxial growth of 

AlInAs and InGaAs on InP substrates. A schematic diagram of a LAOS is shown in 

Figure 1.2 .

—  — ■Phototransistoi

Bias
Voltage

Output light

Figure 1.2. Structure of a LAOS device

An input light pulse, through the transparent w ide gap emitter, produces a 

current through the phototransistor. This current Hows through the LED, turning it 

on, and producing light in both upward and downward directions. The light
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emitted by the LED causes the phototransistor to remain on even after the input 
pulse has ended. The transparent InP substrate allows transmission of the light 
output from the LED, which has effectively been latched by the input pulse. The 
device remains on and emitting if current is kept above a certain critical value. Such 
devices have applications in smart pixel computing and image processing.

1.2 Background

The aim of this project was to investigate the MBE growth and properties of 
In o .5 3 G a o .4 7 As and Ino .5 2 A lo .4 8 As lattice m atched to InP. The 
Ino.53Gao.4 7 As/Ino.5 2Alo.4 8As system is, as has been described above, superior to 
the GaAs/AlxGai_xAs system for many applications. Both the opto-electronic and 
nano-electronic research groups within the Electronic and Electrical Engineering 
Department at the University of Glasgow are interested in fabricating devices which 

will exploit the properties of this materials system.
The requirements of these research groups are for high quality layers with 

good uniformity and reproducibility which will enable the reliable fabrication of 
both opto-electronic and microwave devices. While the initial work was to be on 
the lattice matched ternary Ino.5 3Gao.4 7 As/Ino.5 2Alo.4 8 As system it was foreseen 
that this would lead to the growth of strained device structures such as 
pseudomorphic HEMTs and strained laser structures. A flexible approach was 
therefore required which would enable the growth conditions to be tailored to the 
desired structure and would allow the incident fluxes to be accurately calibrated to 
provide the correct composition and growth rate without the need to grow several 
calibration layers. It was decided to attempt to perform the group III calibrations 
using RHEED intensity oscillations2 5  on separate InAs and GaAs calibration 
samples. This technique had not previously been tried and it was thought that it had 
the capability to give the same control over composition and growth rate as was 
obtainable for the GaAs/AlGaAs system. There were, however, problems 
discovered in this approach. The first difficulty encountered was a discrepancy 
between measurements of the composition of AlxG ai-xAs layers using a double 
crystal X-ray diffraction (DCXD) system and the intended composition which had 

been calibrated by RHEED. It was essential to have confidence in the RHEED 

calibration technique for the GaAs/AlxGai-xAs system before extending the method 

to the more complicated Ino.53Gao.4 7As/Ino.52Alo.4 8As system, and it was equally 
important to be able to accurately determine the composition of InxA li.xAs and 
InxGai_xAs layers after growth, so the difference between the measured and 
calibrated compositions had to be resolved. Chapter 2 of this thesis shows that the 
disagreement was produced by an incorrect derivation of the composition of a
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strained ternary layer from the lattice distortion produced by the strain. A new, 
more precise model relating the strain between AlxG ai-xAs and GaAs to the 
consequent deformation of the AlxGai_xAs lattice structure2 6  is presented, based 
on the assumption that RHEED oscillations can be used to accurately determine the 
composition of the alloy. This model is then applied to InxAli_xAs and InxGai-xAs, 
enabling a more accurate determination of the composition of these alloys than has 
so far been possible using the DCXD technique.

The second difficulty discovered with the RHEED oscillation technique was 
an apparent inconsistency between the calibration growth rate of InAs on an InAs 
substrate and the In content of bulk InxAli_xAs and InxGai_xAs layers. It was 
discovered that ternary layers grown with nominally identical calibration points had 
a composition distribution which was double-peaked. The origin of this distribution 
was traced to a reduction in the steady state incorporation of In into InAs at 

moderate substrate tem peratures, well removed from the regime where 
'conventional' In desorption becomes significant. Chapter 3 examines this effect in 
detail and discusses the influence of substrate temperature and As overpressure on 
the incorporation of In into InAs. The thermal stability of InAs is examined and the 
results are compared with theoretical predictions based on thermodynamical 
arguments.

Many of the effects discovered during investigations into the homo-epitaxial 
growth of InAs were found to be present in the growth of Ino.5 3 Gao.4 7 As and 
Ino.5 2 Alo.4 8 As. Chapter 4 discusses the growth of these materials and points out 
the similarities with InAs. The thermodynamic model developed for InAs is 
expanded to include the ternary alloys and a coherent picture for the conditions 
necessary for their growth is derived27. The results explain the inconsistencies 
between the growth conditions recommended in the literature which range from 
substrate temperatures of 500"C with V:III pressure ratios of 40: l 28  to substrate 
temperatures of 580nC with pressure ratios of ~4:129.

The measured optical and electrical properties of undoped Ino.53Gao.47 As 
and Ino.52Alo.4 8 As grown by MBE are given in Chapter 5. Particular emphasis is 

given to photoluminescence (PL) spectra containing anomalous peaks which are 
attributed to the presence of an In-rich segregation layer on the surface of the 
sample, the thickness of which is determined by the epi-layer/substrate strain. It is 

shown that by accurately lattice matching Ino.5 3 Gao.4 7 As and Ino.5 2 Alo.4 8 As 
epi-layers high optical quality material can be obtained with a much lower As 
overpressure than is common in the literature30’31. Chapter 6  shows that the 

minimisation of As overpressures can also be used to enable the growth of 

Ino.5 3 Gao.4 7 As/Ino.5 2 Alo.4 8 As quantum well samples containing high quality
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interfaces, demonstrated by the presence of monolayer splitting32’33 in their PL 

spectra.

A systematic study of the magnetotransport properties of a series of Si r)- 

and slab-doped Ino.53Gao.47As samples was undertaken as an initial step towards 

understanding the behaviour of Si in both Ino.53Gao.47As and Ino.52Alo.48As. The 

aim of this investigation was to optimise Si-doping profiles in device structures. 

Chapter 7 details the results of the study, and presents the first consistent set of 

magnetotransport measurements for 3-doped Ino.53Gao.47As.

Two examples of device structures are given in Chapter 8 and the MBE 

growth issues particular to each structure are discussed. Characterisation data for 

devices fabricated from the material is given and a com parison is made with 

published performance figures.

1.3 G row th  System

Epitaxial layers were grown in an Varian Modular Gen 11 system as shown 

in Figure 1.3.

Figure 1.3. Varian Modular Gen II MBE system.
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The system is composed of three vacuum chambers: an entry/exit interlock 
chamber, an intermediate buffer chamber, and the main growth chamber itself. This 
arrangement is shown schematically in Figure 1.4.

a,
o. ( X

i
8 g

H f t f t
.83
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C/5

Ion Pinnp

Ent ry/Exi t Cham her Buffer Chamber
HTD Stage

Nfess Spec frame ter

Ion Pump
[ > < ]

BEP Gauge

Phosphorescent 
ScreenRHEED Gun

Growth ChamberTurbomole cul ar Pump

Effusion
Sources

Figure 1.4. Schematic diagram of MBE system.

Several different pumping systems are employed for each chamber. When 

substrates have been loaded, the entry exit chamber is pumped from atmospheric 
pressure by a diaphragm pump, sorption pumps and a CTI-Cryogenics Ltd 3501/s 
cryopump consecutively. Atmospheric water vapour is then removed by baking the 

chamber walls at a temperature of 200°C for a period of three hours. On cooling, 
the pressure in the entry exit chamber reaches = 5 x l 0 -9  Torr, at which point 

substrates are transferred to the buffer chamber for degas. This chamber is pumped
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by an Varian 2001/s ion pump and contains a Ti-ball to remove any remaining water 
vapour. Substrates are given a prolonged degas on a heater stage mounted in the 
buffer chamber, before being transferred to the growth chamber for epitaxial 
deposition. The pumping system for the growth chamber is configured to deal with 
phosphorus and contains a Balzers GmbH 3501/s plasma turbomolecular pump and 
liquid nitrogen trap in addition to an Varian 4001/s ion pump and a Ti sublimation 
pump, giving a base pressure of = l x l O -11  Torr. The residual level of gases 
remaining in the growth chamber is monitored using a quadrupole mass 
spectrometer and the beam equivalent pressures of growth fluxes incident on a 
substrate can be monitored by an ion gauge which is rotated to the growth position. 
In-situ growth characterisation is performed using a 15keV reflection high energy 
electron diffraction arrangement, which is used to examine surface reconstruction 
and perform growth rate measurements using intensity oscillations of the specular 
spot.

Standard solid source effusion furnaces for Al, Si and Be were used, 
together with 'hot-lip' type In and Ga sources, and Varian 'cracker' furnaces34  to 
produce As2 - The arsenic cracker was operated at a temperature of =700°C 
producing a >95% conversion of As4  molecules into As235,36. The suppliers and 
purity of the materials loaded into the effusion cells are given in Table 1.1.

Material Supplier Purity

Indium Johnson Matthey Ltd. 6 N 's

Gallium Rhone Poulenc Ltd. 8 N's

Aluminium Metals Crystals & Oxides Ltd. 6 N's

Arsenic Preussag GmbH. 7N's

Table 1.1. Suppliers and purity of source materials used for MBE growth.

1.4 Calculation o f As2  Partial Pressures

The BEP gauge controller is calibrated for nitrogen and so a scaling factor 

must be used to obtain the real As2 partial pressure from the BEP gauge reading. 
The relationship between the ionization efficiency rj of a given species and the 

ionisation efficiency of nitrogen is given by37



where Z is the atomic number. For As2 the atomic number is 75, which gives a 
ratio between the ionization efficiencies of 2.74. The measured As2  partial pressure 
must, therefore, be divided by 2.74 to obtain the real As2 partial pressure. For a 
pressure of l x l O '7 Torr, the collector current of the BEP gauge is 11.75 nA38. 
The minimum possible As2 partial pressure which permits the growth of 
Ino.53Gao.4 7As at 1 pm/hr produces a collector current of 150 nA, corresponding to 

a pressure reading of 1.27 x 10' 6  Torr which is, in turn, equivalent to a real As2  

partial pressure of 4.6 x  10' 7 Torr. This value is extensively quoted in the following 
chapters as the minimum permissible As2  partial pressure for growth at 1 pm/hr.

1.5 Sources of Error in Growth Rate Measurement by RHEED

1.5.1 Flux Transients

Group III furnaces can produce both long and short term flux transients 
which cause the growth rate to differ from that calibrated by RHEED. Short term 
transients are caused by a change in the thermal equilibrium of the furnace, which is 
produced by opening its shutter and reducing in the amount of heat which is 
reflected back into the furnace. Such effects cause the flux density to fall during the 
first few minutes after the shutter is opened. Figure 1.5 shows the measured 
response of the BEP gauge when the indium shutter is opened. No significant short 
term flux transient is observed indicating that the growth rate calibrated by RHEED 
is an accurate value for the actual growth rate during growth. Similar results were 
obtained for both the aluminium and gallium furnaces.
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Figure 1.5. Measured BEP gauge collector current when In shutter is opened.

Long term flux transients are produced by the depletion of the source 
material over time. This effect is greater in furnaces using conical crucibles because 
of more rapid reductions in melt surface area in those furnaces. The rate of flux 
change varies with time and is typically very low at the start of a growth run when 
the furnaces have just been recharged. Measurement of growth rates before and 
after growth at 1 pm/hr of a 15pm GaAs layer gives a drop in growth rate of only
0.5% during this period. As the distance between the crucible orifice and the melt 
surface increases, however, the rate of change of the growth rate increases and 
reaches values as high as 4% over 15 hours. Experimental evidence suggests that 
the samples grown for this study did not suffer from significant long term flux 
transients. Narrow linewidth X-ray peaks were observed for all of the ternary 
samples, indicating little or no composition drift during growth; and an 

Ino.23Gao.87As/GaAs MQW structure approximately 1.5pm thick displayed a state 
of the art linewidth (see Chapter 8 ), indicating minimal variation in growth rate 

during its growth.

1.5.2 Flux Distribution

The physical geometry of an MBE growth chamber results in an uneven 
flux distribution across a large wafer. In most MBE systems this is compensated 
for by rotating the wafer to average out such variations. RHEED flux calibration is 

performed without rotation, which means that there is a danger that unless the

2  4 7 -
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calibration is performed at the centre of rotation then there will be a discrepancy 
between the calibrated flux density and the average flux density during growth. The 
samples used for performing RHEED calibrations were 5mm squares.

150mm
Furnace

Calibration sample

Figure 1.6. Geometry for a simple Lambertian model of flux variation across a 5mm square 

calibration sample. The furnace is 150mm from the sample and at an angle of 30° to it.

A simple Lambertian model39  (see Figure 1.6) for the distribution of flux 
across such a sample gives the following relationship between the flux density at 
the centre of rotation and 2.5mm away from the centre

i.e. a 2 % error in flux density is obtained if the calibration is performed at the edge 
of the sample. This is a considerable overestimate since the furnaces are very far 
from being point sources. In practise, negligible variation in flux density has been 
observed across a calibration sample and it is believed that this effect may be 

ignored.
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Chapter 2
Lattice Constant Determination by 
Double Crystal X-Ray Diffraction

2.1 Introduction

The composition of an epitaxial film decides its optical and electrical 
properties, governs the amount of strain between the epi-layer and the substrate, 
and hence controls the critical thickness of the film. The growth of mismatched 
layers for device applications requires accurate control of the relative proportions 
of the elements in the component alloys to obtain the expected performance. 
Determination of alloy compositions is also important for the growth of 
InO.5 3 Ga0 .4 7 As and Ino.5 2 Alo.4 sAs lattice-matched to InP substrates since flux 
calibration for this alloy system is not straightforward and small compositional 
changes can produce large changes in the lattice constants of the epi-layers.

The double crystal X-ray diffraction (DCXD ) 1’2 technique allows 
measurement of the difference in lattice constant between an epi-layer and the 
substrate material, which can be used to derive the composition of ternary alloys. 
The calculation of the composition of an alloy from its mismatch with the 
substrate relies on knowledge of two material parameters: the Poisson ratio of the 
material, which relates strain induced lattice distortion perpendicular to its 
interface with the substrate to the relaxed lattice constant of the epi-layer material; 
and the variation in lattice constant of the unstrained alloy as a function of 
composition. The Poisson ratio and lattice constant for most binary III-V 
semiconductors are known with considerable accuracy. This was not, however the 

case for bulk AlAs at the beginning of these experiments. Due to the difficulty of 
growing bulk AlAs neither of these parameters was well defined for this material. 
Furthermore, the Poisson ratio of ternary materials has never been measured and 

no values for this parameter are available in the literature.
This chapter addresses the problem of relating DCXD mismatch 

measurements to the composition of ternary alloys. Since RHEED intensity 

oscillations can be used to accurately define the group III fluxes used for the 
MBE growth of AlxGai_xAs layers, such layers are used to derive the Poisson 
ratio as a function of composition3. The results are then used to give the 
relationship between DCXD measurements and the composition of strained
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on GaAs substrates and by analogy, the relationship for InxGai_xAs and InxAli_ 

xAs on InP substrates.

2.2 The DCXD Technique

A typical arrangement for double crystal x-ray diffractometry (DCXD) is 

shown in Figure 2.1

Reference Crystal

C ollim a to r
Sample

Scintillation
Detector

C uK a Til table Stage
Source

Figure 2.1. Schematic diagram of the arrangement for double crystal diffractometry

(6 = Bragg angle).

The angle at which the incident beam strikes the specimen crystal is varied 

by a precision drive motor which tilts the stage upon which the specimen is 

mounted. The layer/substrate mismatch can be calculated from the angular 

separation of the diffraction peaks on an intensity versus angle plot known as a 

rocking curve. The breadth of the layer diffraction peak can also be used as an 

indication of the crystalline perfection of the layer.

The angular width of the Bragg peaks in a single crystal diffraction 

experiment is limited by the angular divergence of the incident beam. The 

scattering of X-ray crystals is weak so the angular range of Bragg reflection from 

a highly perfect crystal is typically of the order of a few seconds of arc. It is 

impractical to use slit collimators to reduce the beam divergence to this level so, 

in order to study small changes in lattice constant, the DCXD technique uses a 

reference crystal to condition the beam incident on the surface of the specimen 

crystal (see Figure 2 .2).
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Figure 2.2. Reference crystal and mounting block from DCXD system.

Across the angular divergence o f the collim ator, X-rays of the different 

w avelength will satisfy the Bragg condition at different points across the 

reference crystal. Provided that the reference and specimen crystals arc of the 

same material and the same reflection is used for both, when the crystals are 

accurately parallel then any ray satisfying the Bragg condition for the reference 

crystal will satisfy the Bragg condition for the sample crystal. The angular range 

over which Bragg reflection occurs is small so any angular displacem ent of the 

crystals will result in no diffracted signal from the specimen. It is essential that 

the tilt of the specimen is adjusted correctly to bring the diffraction vectors of the 

two crystals into the plane of incidence. Tilt misalignment causes a broadening of 

the rocking curve which is purely geometric in nature and becom es significant 

when exam ining pure crystals with narrow  intrinsic peaks. The m ethod 

commonly used to minimise tilt m isalignm ent is to adjust the tilt position while 

searching for a maximum intensity position. Once the signal had been maximised, 

two measurements of peak splitting are recorded with the specimen rotated 180° 

about its surface normal to eliminate the effects of tilting4.
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2.3 Experim ental

For thick, uniform layers the lattice mismatch can be calculated from the 

angular separation between the layer and substrate peaks. However, for thin 

(typically sub-micron) layers, 'substrate pulling'5 produced by interaction between 

a thin layer and the substrate causes a shift in the DCXD layer peak position and 

the structure needs to be modelled by dynamical diffraction theory 6»7. To avoid 

such effects the AlxG a i-xAs layers grown for this study were all at least l(im 

thick. The composition of the samples was established using RHEED intensity 

oscillations at the com mencement of growth8. Substrate temperatures were set to 

below 630°C to avoid loss of gallium through re-evaporation9 and to ensure good 

surface m orphology10. All of the layers were grown with the surface exhibiting 

the (001) - (2 x 4 ) As-stable reconstruction11.

Characterisation of AlGaAs layers was undertaken using a Bede Q C2 

deskside double crystal diffractom eter12 (see Figure 2.3).

Figure 2.3. Bede QC2 deskside double crystal diffractometer.

The analysis software for this system assumes that the Poisson ratio for all 

A s-containing ternary alloys is 0.33 regardless of com position, and that the 
relaxed lattice constant of a IIIA-IIIB-V alloy varies with the IIIA-V fraction x 

according to Vergard's law i.e.
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a = xaA + (l-x)aB (2.1)

where a, a A , aB are the lattice constants of the alloy, and the niA-V and the inB-V 
components respectively.

2.4 Results and Discussion

The lattice mismatch between layer and substrate can be calculated from 
the angular separation of the relevant peaks in the rocking curve using the 
equation for the Bragg condition :-

nA. = 2 asin 0  (2 .2 )

where X is the x-ray wavelength and 0 is the Bragg angle. This equation can be 

differentiated to give the relationship between lattice mismatch and peak spacing

*
m = - c o t 0  30 (2 .3 )

where m* represents the effective lattice mismatch and 30 represents the angular 
difference between the peaks. To calculate the relaxed mismatch m, the value 
obtained from the above equation has to be multiplied by an expression involving 
the Poisson ratio v, which relates horizontal lattice strain to the vertical lattice 

distortion measured by the DCXD technique:-

m = m V v )
(1 +  V)

This value can be used to calculate the alloy composition of a ternary layer from 
Vergard’s law.

To evaluate the Bede QC2 diffractometer, double axis rocking curves 
were measured for a series of A lxGa l-x As of different x value. A typical rocking 

curve is given in Figure 2.4.
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The structure used for this example contained two layers of AlxG a i-x As of 

different composition as shown in Figure 2.5.

100A GaAs cap 

lpm  AlGaAs x=0.3 

lpm  AlGaAs x=0.2

GaAs substrate

Figure 2.5. Structure for DCXD rocking curve shown in Figure 2.4

The results obtained for sample #B103, together with measurements for 
several other samples, showed a discrepancy between the composition calibrated 
by RHEED and the value derived from the rocking curve. The RHEED value was 
consistently smaller than the rocking curve value. This is illustrated in Figure 2.6, 
which shows the distribution of the error between the desired and measured 
composition for a series of nominally x=0.3 AlxG a].xAs layers.

aso
U

4 -

2 3 4 5 6  7 8  9 101112131415161718

Error between RHEED and DCXD composition (%)

Figure 2.6. Distribution of the error between the desired and measured composition of a series of

nominally x=0.3 A lxGai_xAs layers.
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The growth conditions were sufficiently well controlled for it to be 
unlikely that the layer compositions were in error. It was assumed that the 
problem was caused by inaccuracy of the value of Poisson ratio used to 
compensate for relaxation.

In an attempt to refine the accuracy of the measurements the assumption 
that v obeys Vergard’s law was made. This gives the equation

v  ternary = (1— X)^A X̂ B (2-5)

or
v  ternary = — X̂ V (2.6)

where Av = v A -  V3 . Substituting into equation 2.3 gives

|Ae| = ta n e ^ ^ A ^ A v )
1 1 ( 1 - v a + xAv )

where mr is the real mismatch between the binary components and is given by

ap ~ a A = -  (2 .8 )
a A x

Equation 2.7 may be rewritten as : -

|A 9 |= ta n e mfXR(1~ xAp) (2.9)
(1 + xAq)

where

_ (l  +  v A ) Av . Av
R =  ------—  Ap = ------------  Aq = -----------

(1 — v A ) F (1 +  VA ) 4  ( 1 - V A )

A binomial expansion of the last term in equation 2.9 yields a second order term 
in x

|A0| = {tan0}mrxR 1 - 2xAv 
( l - v A2)

(2.10)

25



Thus the first and second order coefficients of a plot of A0 versus x give 
unambiguous values of mr and Av, provided that the Poisson ratio Va is known. 
In the case of the AlGaAs alloy Va represents the Poisson ratio of GaAs which 

has been measured by a number of workers, most recently by Grimsditch et a l 13  

using Brillouin scattering. From their measured values of c n  and C1 2 , which 
agree well with those of previous authors, it can be deduced that vGaAs= 0.311.

This is also the value used by Bassignana and Tan14.
A quadratic function was fitted by the method of least squares to the 

measured peak splitting A0 as a function of x. A good fit was achieved, in 
contrast to a linear function which gave a very poor representation of the data. 
From the first and second order coefficients of the quadratic fit it was found that 
m r =1620p.p.m (± 1%) and Av = -0.04 ± 0.01, i.e. Vaias = 0.27 ± 0.01.

The l|im  AlAs sample grown for this study did, however, have a poor 
surface morphology suggesting partial relaxation had occurred. Double axis 
diffractometry using asymmetric reflections was used to examine the AlAs 

epitaxial layer. This method provides a means of measuring the in-plane strain 
and hence the relaxation in an epitaxial layer. Rocking curves were recorded at 
the University of Durham using a Bede Model 150 diffractometer, from the four 
inclined (115) type planes, in both high and low angle of incidence, a total of 8  

measurements. The data is summarised in Table 2.1. From the difference in the 
peak splitting on rotation of the wafer by 180° about its surface normal, the 
epitaxial layer was found to be tilted with respect to the substrate by 
4±0.5 arcseconds in the [110] (0-180") direction and 0±0.5 arcseconds in the 
[1 1 0 ] direction.

Reflection Sample
Orientation

Mean Peak 
Separation (secs)

Tilt (secs)

115 Low 0-180" 676 4.5

115 Low 90-270" 679 0

115 High 0-180" 382 3.5

115 High 90-270° 381 0

Table 2.1. Asymmetric diffractometry data.

In the early stages of relaxation, inclined 60° dislocations are nucleated, 
the edge type Burgers vector components of which provide relaxation in the two 
orthogonal [110] directions in the specimen surface15. Due to the different 

dislocation mobilities on the A(g) and B(g) slip systems in III-V compounds, a 

mechanism for asymmetric relaxation in the two [110] directions thus exists. The
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data in Table 2.1 can be used to determine the lattice parameter c normal to the 
specimen surface and the spacing of the two sets of ( 1 1 0 ) planes with their 

normals in the surface (see Table 2.2).

Parameter 0-180° Sample Orientation 90-270° Sample Orientation

C 5.66941A (±0.00005A) 5.66945A

d u o 3.99802A (+0.00004A) 3.99787A

Table 2.2. Layer lattice parameters deduced from asymmetric reflection diffractometry

In the calculation, a value of the GaAs lattice constant of 5.65375A has 
been assumed, which is the mean value determined from synchrotron radiation 

Bond measurements by Usuda et al 16. There is excellent agreement in Table 2.2 
between the c parameters determined from the 0-180° data and the 90-270° data 
but a clear asymmetry of the in-plane strain exists. The mismatch deduced from 
the quadratic fit of the 004 symmetric reflection data gives the lattice parameter of 
totally relaxed AlAs as 5.66291 ± 0.00005A. This is between the extreme values 
of 5.6605A17 and 5.670A18 found in the literature. Using this value the relaxation 
R can be deduced from the equation : -

R = (d,-do)/(dr-do) (2.11)

where di is the in-plane lattice parameter, d r is the relaxed layer parameter, and do 

is the substrate lattice parameter, in this case all referring to the ( 1 1 0 ) plane 
separation. For the [110] direction, this gives Rx = 3.3% and for the [110] 
direction Ry = 1.0%.

The presence of relaxation was confirmed using X-ray topography19, 

performed at the Daresbury Laboratory. This method images of the contours of 
lattice planes in crystal structures. Dislocations can be imaged since the intensity 
of the X-rays diffracted from the deformed planes differs from the intensity 
diffracted by the perfect crystal. To ensure maximum sensitivity, the sample is 
positioned at an angle corresponding to the steeply sloping side of the layer peak 
on the rocking curve. The experimental arrangement for double crystal reflection 
X-ray topography is shown schematically in Figure 2.7.
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Rocking Angle

Reference Crystal

Source

Sample

Figure 2.7. Double crystal X-ray topography technique, (a) Sample angle is adjusted to a position 

on the side of the diffraction peak to increase sensitivity, (b) Lattice distortions produce changes 

in the intensity of the diffracted beam which are detected on the photographic film.

A topograph of the AlAs layer is shown in Figure 2.8. The topographs 
were recorded on Ilford L4 nuclear emulsions in the surface symmetric 004 
reflection at a wavelength of 1.882A using a 111 silicon beam conditioner. The 
topograph of Figure 2.8 shows part of the dislocation network observed which 
varied in density from zero at the edge of the wafer to a maximum near the centre. 
At the spot where the rocking curves were recorded the misfit dislocation spacing 
was measured to be 11 ± 1 and 10 ± 2 pm respectively. In one direction the 
magnitude of the relaxation determined from the dislocation line density is in 
agreement with that deduced from the diffractometry. However, in the orthogonal 

direction, the misfit dislocation density is significantly lower than predicted by 

diffractometry. This may be ascribed to the bunching of misfit dislocations such 
that the individual dislocations are not resolved within the resolution limit of 
X-ray topography.
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Figure 2.8. X-ray topograph of misfit dislocation network in lp.m thick AlAs layer
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Experimental Points 

Quadratic Fit
a) Fixed v = 0.33

b) Fixed v = 0.311

c) Fixed v = 0.280

400“
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Aluminium Fraction x in AlxGal-xAs

Figure 2.9. Rocking curve peak splitting vs aluminium composition x using data corrected for 

relaxation. The solid line is a least squares fit to the data. The dashed lines indicate linear fits for 

Poisson ratios of a) 0.33 the original value used by the Bede software, b) 0.311 the GaAs value and 

c) 0.28 the derived AlAs value

For a mismatch of 1620ppm, the rocking curve peak splitting for a 100% 
relaxed layer is 218 arcseconds. The strain in the (001) direction is related to 
the orthogonal strains exx and eyy in the plane by

£ x x ( 1 - R x )  +  £ y y ( 1 _ R y )£zz = - 2 v - ^ ----- ^ ^ ^  (2.12)
1 -  V

Thus as £a  is proportional to the mean of the orthogonal relaxations Rx and Ry 

(2.2% in this case), the calculated splitting is 379±1 arcseconds for a thick, but 
unrelaxed AlAs layer on GaAs. When this value for the x = 1 point is used to fit a 

quadratic function (see Figure 2.9), the first and second order coefficients are 
found to be 409 and -29.5 arcseconds respectively. This correction gives the best
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fit value of the GaAs to AlAs mismatch of 1600p.p.m. (±1%) and a value of
0.28±0.01 for the AlAs Poisson ratio. These values are in excellent agreement 
with an independent study (published at the same time as the results of this 
work3) by Goorsky et al 2 0  , who used photoluminescence and electron 
microprobe analysis to compare with X-ray diffraction data.

2.5 Conclusions

The variation of Poisson ratio with AlxGai_xAs alloy composition can be 
calculated from the equation

v AlxG a ,.JAs = 0.28x + 0.311(1- x )  (2.14)

Linear fits which do not take this dependence into account are inaccurate 
and result in discrepancies between the measured and predicted compositions. 
The dependence of Poisson ratio on alloy composition means that the DCXD 
splitting is related to the composition by a quadratic of the form :-

A0 = -2 9 .5x2 + 409x arcseconds (2.15)

Calculation of composition from a measured splitting is therefore not 
completely straightforward. It is necessary to perform self-consistent calculations 
or use a look-up table to derive the alloy composition from the measured splitting. 
Calculated splittings for a range of A lxGai_xAs compositions are shown in 

Table 2.3.
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X IaoI
0.405 160.8
0.41 162.7

0.415 164.7
0.42 166.6

0.425 168.5
0.43 170.4

0.435 172.3
0.44 174.2

0.445 176.2
0.45 178.1

0.455 180.0
0.46 181.9

0.465 183.8
0.47 185.7

0.475 187.6
0.48 189.5

0.485 191.4
0.49 193.3

0.495 195.2
0.5 197.1

0.525 206.6
0.55 216.0

0.575 225.4
0 .6 234.8

0.625 244.1
0.65 253.4

0.675 262.6
0.7 271.8

0.725 281.0
0.75 290.2

0.775 299.3
0 .8 308.3

0.825 3113
0.85 326.3

0.875 335.3
0.9 344.2

0.925 353.1
0.95 361.9

0.975 370.7
1 379.5

X IaoI
0.205 82.6
0 .2 1 84.6

0.215 8 6 .6
0 .2 2 8 8 .6

0.225 90.5
0.23 92.5

0.235 94.5
0.24 96.5

0.245 98.4
0.25 100.4

0.255 102.4
0.26 104.3

0.265 106.3
0.27 108.3

0.275 1 1 0 .2
0.28 1 1 2 .2

0.285 114.2
0.29 116.1

0.295 ll& .l
0.3 1 2 0 .0

0.305 1 2 2 .0
0.31 124.0

0.315 125.9
0.32 127.9

0.325 129.8
0.33 131.8

0.335 133.7
0.34 135.6

0.345 137.6
0.35 139.5

0.355 141.5
0.36 143.4

0.365 145.4
0.37 147.3

0.375 149.2
0.38 151.2

0.385 153.1
0.39 155.0

0.395 157.0
0.4 158.9

X IaoI
0.005 2 .0
0 .0 1 4.1

0.015 6 .1
0 .0 2 8 .2

0.025 1 0 .2
0.03 1 2 .2

0.035 14.3
0.04 16.3

0.045 18.3
0.05 20.4

0.055 22.4
0.06 24.4

0.065 26.5
0.07 28.5

0.075 30.5
0.08 32.5

0.085 34.6
0.09 36.6

0.095 38.6
0 .1 40.6

0.105 42.6
0 .1 1 44.6

0.115 46.6
0 .1 2 48.7

0.125 50.7
0.13 52.7

0.135 54.7
0.14 56.7

0.145 58.7
0.15 60.7

0.155 62.7
0.16 64.7

0.165 66.7
0.17 68.7

0.175 70.7
0.18 72.7

0.185 74.7
0.19 76.6

0.195 78.6
0 .2 80.6

Table 2.3. Splitting in arcseconds for a range of A lxG ai-xAs alloy compositions.

The parameters derived for AlAs can be used to extend the principle of 
scaling the Poisson ratio using Vergard's Law to the calculation of InGaAs and 

AlInAs compositions around the lattice matched condition. The Poisson ratio for
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InAs is well defined and has a value of 0.35214. This value gives a relationship 
between the composition of InxGai-xAs and peak splitting of the form

A0=162O.Ox2 + 15840.9x - 8891.8 (2.14)

Similarly the equation relating composition and peak splitting for InxAli_xAs is 

A0=2666.2x2 + 13806.7x - 7923.0 (2.15)

These relationships are shown graphically in Figure 2.9.

C/5'Oc0
8
c/51
W)c  •a 

• ̂
O.

C/D

2000

0  —

- 1000 -

0.521 0.533
-2000

0.400 0.450 0.500 0.550 0.600 0.650

A0 = 2666.2x2 +13806.7x - 7923.0

A0 = 1620.0x2 + 15840.9x - 8891.8

InAlAs

InGaAs

In Fraction x

Figure 2.10. Calculated rocking curve peak splitting as a function o f In fraction x for 

InxA l(i-x)As and InxG a(i-x) As on InP. Both curves assume v varies according to Vergard's law 

and the InxAl(i_x)A s curve assumes the AlAs lattice parameter and Poisson ratio have the 

previously derived values.

Look-up tables enabling the com position of Ino.5 3 Gao.4 7 As and 
In0 .5 2 A1 o.48 As on InP to be determined for a given DCXD peak splitting are 

given in Tables 2.4 and 2.5 respectively. These tables allow a more accurate
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determination of composition than is possible using existing data, and they have 
been used extensively in work described in later chapters.

X A0
0.553 363.6
0.555 398.9
0.557 434.1
0.559 469.4
0.561 504.7
0.563 540.1
0.565 575.4
0.567 610.8
0.569 646.1
0.571 681.5
0.573 716.9
0.575 752.3
0.577 787.7
0.579 823.1
0.581 858.6
0.583 894.0
0.585 929.5
0.587 965.0
0.589 1000.5
0.591 1036.0
0.593 1071.5
0.595 1107.0
0.597 1142.6
0.599 1178.1
0.601 1213.7
0.603 1249.3
0.605 1284.9
0.607 1320.5
0.609 1356.1
0.611 1391.7
0.613 1427.4
0.615 1463.1
0.617 1498.7
0.619 1534.4
0.621 1570.1
0.623 1605.8
0.625 1641.6
0.627 1677.3
0.629 1713.1
0.631 1748.8

X A0
0.513 -339.1
0.514 -321.6
0.515 -304.1
0.516 -286.6
0.517 -269.1
0.518 -251.6
0.519 -234.0
0.52 -216.5

0.521 -199.0
0.522 -181.5
0.523 -163.9
0.524 -146.4
0.525 -128.8
0.526 -111.3
0.527 -93.8
0.528 -76.2
0.529 -58.6
0.53 -41.1

0.531 -23.5
0.532 -6 .0
0.533 1 1 .6
0.534 29.2
0.535 46.7
0.536 64.3
0.537 81.9
0.538 99.5
0.539 117.1
0.54 134.6

0.541 152.2
0.542 169.8
0.543 187.4
0.544 205.0
0.545 2 2 2 .6
0.546 240.2
0.547 257.9
0.548 275.5
0.549 293.1
0.55 310.7

0.551 328.3
0.552 346.0

X A0
0.433 -1729.0
0.435 -1694.5
0.437 -1660.0
0.439 -1625.5
0.441 -1591.0
0.443 -1556.4
0.445 -1521.8
0.447 -1487.3
0.449 -1452.7
0.451 -1418.1
0.453 -1383.5
0.455 -1348.8
0.457 -1314.2
0.459 -1279.5
0.461 -1244.9
0.463 - 1 2 1 0 .2

0.465 -1175.5
0.467 -1140.8
0.469 -1106.1
0.471 -1071.4
0.473 -1036.6
0.475 -1001.9
0.477 -967.1
0.479 -932.3
0.481 -897.5
0.483 -862.7
0.485 -827.9
0.487 -793.1
0.489 -758.2
0.491 -723.4
0.493 -688.5
0.495 -653.6
0.497 -618.7
0.499 -583.8
0.501 -548.9
0.503 -514.0
0.505 -479.0
0.507 -444.1
0.509 -409.1
0.511 -374.1

Table 2.4. Splitting in arcseconds for a range of InxG a(].x) As alloy compositions.
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X A0
0.542 343.5
0.544 376.9
0.546 410.3
0.548 443.7
0.55 477.2

0.552 510.7
0.554 544.2
0.556 577.7
0.558 611.3
0.56 644.8

0.562 678.4
0.564 712.1
0.566 745.7
0.568 779.4
0.57 813.0

0.572 846.7
0.574 880.5
0.576 914.2
0.578 948.0
0.58 981.8

0.582 1015.6
0.584 1049.4
0.586 1083.3
0.588 1117.1
0.59 1151.0

0.592 1184.9
0.594 1218.9
0.596 1252.8
0.598 1286.8

0 .6 1320.8
0.602 1354.9
0.604 1388.9
0.606 1423.0
0.608 1457.1
0.61 1491.2

0.612 1525.3
0.614 1559.5
0.616 1593.7
0.618 1627.9
0.62 1662.1

X A0
0.502 -320.1
0.503 -303.6
0.504 -287.1
0.505 -270.6
0.506 -254.1
0.507 -237.6
0.508 -2 2 1 .1
0.509 -204.6
0.51 -188.1

0.511 -171.5
0.512 -155.0
0.513 -138.5
0.514 -121.9
0.515 -105.4
0.516 -8 8 .8
0.517 -72.2
0.518 -55.7
0.519 -39.1
0.52 -22.5

0.521 -6 .0
0.522 1 0 .6
0.523 27.2
0.524 43.8
0.525 60.4
0.526 77.0
0.527 93.6
0.528 110.3
0.529 126.9
0.53 143.5

0.531 160.1
0.532 176.8
0.533 193.4
0.534 2 1 0 .1
0.535 226.7
0.536 243.4
0.537 260.1
0.538 276.7
0.539 293.4
0.54 310.1

0.541 326.8

X A0
0.422 -1621.9
0.424 -1589.8
0.426 -1557.6
0.428 -1525.5
0.43 -1493.3

0.432 -1461.0
0.434 -14i8.8
0.436 -1396.5
0.438 -1364.2
0.44 -1331.9

0.442 -1299.6
0.444 -1267.3
0.446 -1234.9
0.448 -1202.5
0.45 -1170.1

0.452 -1137.7
0.454 -1105.2
0.456 -1072.7
0.458 -1040.2
0.46 -1007.7

0.462 -975.2
0.464 -942.6
0.466 -910.1
0.468 -877.5
0.47 -844.8

0.472 -812.2
0.474 -779.5
0.476 -746.9
0.478 -714.2
0.48 -681.4

0.482 -648.7
0.484 -615.9
0.486 -583.1
0.488 -550.3
0.49 -517.5

0.492 -484.6
0.494 -451.8
0.496 -418.9
0.498 -386.0

0.5 -353.0

Table 2.5. Splitting in arcseconds for a range of InxAl(i_x) As alloy compositions.
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Chapter 3
Analysis of the Homo-Epitaxial Growth 

of InAs by MBE

3.1 Introduction

The range of growth conditions used for the MBE growth of ternary and 

quaternary alloys are, in general, determined by the stability of the most volatile 
III-V pseudo-binary component of the alloy. In the case of A lxGai_xAs, it has 
been shown that the maximum permissible substrate temperature (Ts ) for the 

growth of AlGaAs is limited by Ga evaporation from the surface of the alloy, 
which prevents accurate control of the composition 1*2»3»4»5.

Conditions for the growth of In(Al,Ga)As alloys will be dominated by the 
behaviour of the InAs component. An understanding of the growth processes 
involved in the homoepitaxial growth of InAs is therefore necessary to understand 
properly the behaviour of the In(Al,Ga)As alloys, and explain the restricted range 
of conditions which can be used to grow these alloys.

It has been demonstrated that InAs RHEED intensity oscillations can be 
used to calibrate the indium flux for the growth of In(Al,Ga)As alloys6. Under 
certain circumstances this technique results in an underestimation of the actual In 
flux7, which is due to a reduction in the incorporation of In under notionally (2x4) 

As-stable conditions. Confident calculation of the actual In flux requires that the 
conditions for this reduced In incorporation be recognised and eliminated.

In this chapter RHEED intensity oscillations are used to study the 
conditions necessary for the homo-epitaxial growth of InAs. This work arose out 

of the need to establish repeatable conditions for the growth of Ino.5 3 Gao.4 7 As 
and In0.52  A1 o.48 As lattice matched to InP. The determination of the 'envelope' of 
possible growth conditions for InAs was found to be a pre-requisite for further 
work on ternary materials. The experimental results presented in this chapter are 
shown to be in good agreement with a theoretical treatment developed from the 
thermodynamic model proposed by Heckingbottom etal  8, and it is shown in 
Chapter 4 that the arguments used here can be expanded to encompass the MBE 

growth of lattice matched ternary materials.



3.2 Experimental procedures

Surface symmetries were examined by RHEED, with the electron beam 
incident on the wafer at a glancing angle of =2 ° along either the [ l l  0 ] or [ 1 1 0 ] 
azimuth of the (100) surface. The growth rate of InAs was measured by RHEED 
intensity oscillations from a 5 x 5mm 2 (lOO)-InAs sample. Intensity variations of 
the specular spot were detected with an optical fibre and photomultiplier tube 

whose output was connected via a transimpedance amplifier either directly to a 
chart recorder or into a computer for data analysis. The cracking section of the 
arsenic sources on the MBE system was maintained at a temperature of 700°C 
estimated to produce a cracking efficiency of >95% 9. Substrate temperatures were 
measured with an Ircon series V optical pyrometer.

3.3. Experimental Results

3.3.1 Arsenic Incorporation as a Function of Substrate Temperature

The sticking coefficient of arsenic dimers ( S as2) on GaAs substrates has 

been shown by Foxon et al 10 to approach unity for the conditions normally used 
in the growth of GaAs. The sticking coefficient of As2  on an InAs growth surface 
can, therefore, be evaluated by comparing the As limited growth rate of GaAs 
with that of InAs for an identical incident As2  flux.

For GaAs growth, the transition between Ga- and As-limited growth for a 
fixed As2 flux was obtained by increasing the Ga cell temperature (Tea) until a 
change from an As-stable (2x4 ) to a Ga-stable (4 x 2 ) reconstruction was 
obtained. The change in reconstruction pattern was accompanied by a 
characteristic change from an exponential relationship between T a n d  the 
growth rate (Gr ) measured by RHEED, to a regime where G r was independent of 
the Ga cell temperature11. This can clearly be seen in Figure 3.1 which plots Gr as 
a function of T oa . The substrate temperature (Ts) during these measurements was 
maintained at 540°C to ensure maximum As incorporation12. The As limited 

growth rate at this substrate temperature, and for the As2 flux density used in this 
experiment, was found to be 2.15|im/hr corresponding to an incorporating As2 

flux density of 6 .6  x  1 0 14 molecules/cm 2 .

In the case of InAs the reconstruction observed by RHEED during growth 
at low substrate temperatures (=450°C) was a (2 x 4 ) pattern similar to that 

observed during the growth of GaAs under Ga- limited growth conditions13.
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Figure 3.1. GaAs growth rate measured by RHEED oscillations vs 

reciprocal of gallium cell temperature for a substrate temperature o f  

540°C and an As2  flux density of 6 . 6  X 10 1 4  molecules/cm^.

The growth rate and surface reconstruction of InAs were similarly 
measured for an increasing indium furnace temperature (Tin) while the As flux 
density was maintained at the 6 .6  x 1014 m o lecu les /cm v alu e  used for the GaAs 
measurements. At low substrate temperatures the growth was controlled by the In 
flux and the surface reconstruction was an As stable (2 x4) pattern similar to that 

observed during the growth of GaAs under gallium limited growth conditions. 
The growth rate rose with increasing indium furnace temperature (and hence 

increasing indium flux) until, eventually, a temperature was reached above which 
the growth rate remained constant. At this point the RHEED pattern became an 
In-stable (4x2 ) reconstruction indicating that a transition from In-limited to 

As-limited growth14  had taken place. The growth rate as a function of Tjn is 
shown in Figure 3.2 for a range of T s . The behaviour is broadly similar to that 

observed for GaAs with a switch to an As-limited growth regime where Gr is 
independent of Tjn. There is however, for a given In cell temperature in the 
regime of In-limited growth, a spread in the measured growth rates with T s. This 

is not seen in the case of GaAs and indicates a dependence of growth rate on T s 

which will be examined in detail later.
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Figure 3.3. G™‘tx vs T s for the homoepitaxial grow th of InAs.
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The dependence of the growth rate in the As-limited regime ( GJ"3*) 
on substrate temperature is shown in Figure 3.3. G rmax remains constant at 

2.60fim/hr for Ts < 470°C. Above 470°C, GJ"3* decreases with increasing T s, 
reflecting a reduction in S a s 2 - The value of Grma* for the growth of InAs at T s <

470°C of 2.60pm/hr should be compared with the figure of 2.15pm/hr obtained 
for the growth of GaAs. The difference is entirely accounted for by the larger 
lattice constant of InAs. If the maximum sticking coefficient of As2 on InAs is the 
same as on GaAs then the ratio between the growth rates should be given by the 

ratio of the cubes of the individual lattice constants, ie

a j  6 05838
l G a A s

_ —  = j 23 (31)
a„... 5.65325

The ratio of maximum growth rates obtained experimentally is 1.20 which 
confirms that the maximum sticking coefficients of arsenic dimers on InAs and 
GaAs are similar. The minimum arsenic flux density required for the growth of 
InAs at low Ts is therefore approximately equal to half of the indium flux density.

3.3.2 InAs Growth Rate as a Function of Substrate Temperature

It has been observed15  that an intermediate stage of InAs growth exists 
where, although the reconstruction remains ( 2  x4), droplets of liquid indium are 
observed on the surface after growth. This surface indium accretion regime 
represents a range of 'forbidden' substrate temperatures which produce material 
with poor morphology. Growth on either side of this regime produces mirror 

smooth surfaces although the best quality material is grown in the higher 
temperature, indium stable regime16. The onset of indium accretion cannot easily 
be discerned from examination of the RHEED reconstruction pattern which 

remains a clear (2  x4) throughout and is largely unaffected by the surface indium 
droplets: however, close examination of RHEED growth rate measurements made 
at increasing substrate temperatures reveals a step reduction in the measured 
growth rate. This is illustrated in Figure 3.4.
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Figure 3.4. Measured growth rate vs substrate temperature for the grow th of InAs for three 

different values of incident arsenic partial pressures.

The grow th rate alternates between two stable plateau regions about some 
critical substrate temperature defined as Tc Below Tc the grow th rate is constant 

at a value corresponding to the incident indium flux, in this case 0.625/^m/hr but, 
as the substrate temperature is raised above T c the growth rate falls to a lower 

value, and remains stable at this new' level until the onset of desorption. The 
important point is that the value of T c is influenced by the arsenic pressure used 

for the growth. The pressures quoted in Figure 3.4 are not direct BEP pressure 

readings, but have instead been calculated by scaling the minimum BEP collector 

current reading for growth at low' substrate temperatures w here arsenic desorption 

is minimal.

Typical oscillations obtained during the growth rate measurements are 
shown in Figure 3.5. The drop in growth rate at T c appears to correlate with a 

change in the behaviour of the RFIEED oscillations themselves. At temperatures 
below Tc the intensity rises sharply at the commencement of growth. As the 

substrate temperature is increased towards T c the magnitude of this initial rise is 

reduced. When T s is approximately equal to T c the initial rise disappears entirely 

and the intensity of the specular spot falls w hen the indium shutter is opened. The 

origin of this initial rise is unclear but appears to consistently co-incide with 
growth at temperatures below Tc.

Incident As2 Partial Pressure 

D  2.7 x 10"7  Torr
♦  4.5 x 1(T7  Torr
®  7.1 x 10 '^  Torr
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Large initial rise

Small initial rise

Initial rise no longer present

No initial rise

Figure 3.5. RHEED intensity oscillations obtained for the homoepitaxial growth of InAs. The 
disappearance of the initial rise observed in the intensity of the specular spot appears to be linked 
to the onset o f indium droplet formation. These oscillations were recorded with constant 
diffraction geometry, and only the substrate temperature was changed.

45



3.4 Discussion

If the upper plateau regions of Figure 3.4 are assumed to represent 

complete incorporation of incident indium, then the apparent drop in growth rate 

as the substrate temperature is increased represents a real reduction in the amount 

of incorporating indium. The transition from 2D nucleation to step flow growth 

has been reported by Joyce et a l17 to cause a reduction in the measured rate of 

change o f step density without any real reduction in the growth rate. This effect 
does not explain the second regime of constant growth rate for Ts > Tc. 

Observations of the RHEED reconstruction during growth with Ts > Tt confirm 

that the measured drop in G r is real. Although there is no immediate change in the 

RHEED reconstruction during growth, the pattern fades noticeably after ~15 

minutes (~0.15/<m) and shows the arrowhead-like diffraction spots normally 

associated with facetted growth. This behaviour is typical of growth in the regime 

where indium is accumulating on the surface.

The RHEED oscillation technique monitors the change in average surface 

step density with time and the period of the oscillation should be unaffected by 

the presence of small droplets where the surface 'roughness' is constant. This is, 

however, only true if there is no interaction between the droplets and the growth 

surface. From the drop in growth rate it appears that the droplets, once formed, act 

as sinks for a proportion of the indium adatom population, reducing the fraction 

of the incident In flux contributing to the nett growth. This is illustrated in Figure

3.6.
Incident Incident
Indium . Arsenic

Desorbing
IndiumMigrating

Indium
Migrating
Indium

Figure 3.6. Matter flows into and out of an indium droplet.

If the number of indium droplets on the surface is relatively constant with 

substrate temperature, then the amount of indium which can be involved in any 

interaction with the droplets will also be constant and the growth rate will 
stabilise at a lower value for substrate temperatures above Tc. The step in growth 

rate is, therefore, a surface kinetic effect rather than one produced by
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thermodynamic considerations. This does not, however, preclude the use of 
thermodynamic arguments to analyse the results obtained.

3.5 Thermodynamic Analysis

Despite the fact that MBE growth takes place under strongly non­
equilibrium conditions, it has been shown that a thermodynamic approach can be 
used18  to model growth processes. Modulated beam experiments1 9 *2 0 *21 have 
demonstrated that the thermalisation time of incident atoms and molecules is 
much shorter than the time taken to deposit one monolayer and desorbing atoms 

can be assumed to have the temperature of the substrate regardless of the 
temperature of the incident species.

At normal growth temperatures, desorption of As2  predominates over 
A s 4 2 2 , 23,24 T h e  main desorption reaction for InAs is therefore25

The value of this equilibrium constant can be calculated from the equation

where Pas2 a°d Pin are the equilibrium partial pressures of indium and arsenic 

over the substrate surface. The congruent vaporisation relation for InAs is : -

where F as and Fjn are the atomic flows of arsenic and indium respectively. In 

vacuum, the atomic flow is related to the partial pressure of a species by the 
Hertz-Knudsen relation

InAs(s) In(g) + jA s 2 (g) (3.2)

For which the equilibrium constant is: -

^InAs — PAs2Pln (3.3)

(ref.25 eqn 9):-

ln  K InAs = -47696 / T + 25.17 (3.4)

F
(3.5)

5 > i P j a j) (3.6)
F -
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where v- is the stoichiometric coefficient of the element i in any gaseous 

species j, is the molar mass, Pj is the partial pressure and is the

evaporation coefficient. Substituting into equation 3.3 gives

—  = i ] ( — ^  = 0.571 (3.7)
Pin V ^ H n /1

This can be substituted into equation 3.3 to give the arsenic partial 

pressure over the solid solution (ref.25 eqn 11):-

ln p%&2 (atm) = -31798 /T  + 16.40 (3.8)

Under indium rich conditions, the value of PaS2 can be obtained from the 

arsenic partial pressure along the In-InAs liquidus of InAs Figure 3.7 shows the 

liquidus of InAs reproduced from Tmar et a l 27.

0 -

-5 -

- 10 -

-1 5 -

Aso

- 20 -

As,
-2 5 -------
0.00075 0.001 0.00125 0.0015 0.00175

1/Temperature (K)

Figure 3.7. Partial Pressures of As2 >As4 and In along the liquidus in the InAs 

system (from Tmar et al 27)
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This gives

In p ^ s2 (atm ) = -38166 / T + 26.57 (3.9)

Figure 3.8 shows the data of Figure 3.3 replotted as G™x versus 1/TS. Also 

plotted is the natural logarithm of the desorption rate of As2 , Ln(D^S2), expressed 

in /*m/hr and calculated from the difference between G™ax and 2.60/^m/hr.

-0.5

2 .6 -

2 .4 -

-2.5-  “1------------------ 1----------------1-----------------1-----------------1----------------r  ‘
0.001275 0.0013 0.001325 0.00135 0.001375 0.0014

1/Substrate Temperature (K_1)

Figure 3.8. G "iax and Ln(D^S2) vs 1/TS for the homoepitaxial growth of InAs.

The slope of the desorption curve has an activation energy of 3.4eV in the 

region where significant arsenic desorption is taking place. This value should be 

compared with the activation energy of 3.3eV for the partial pressure of A s2 along 

the InAs liquidus as described by Tm ar et al 2 7  . An implication of this result is 

that the sticking coefficient of arsenic on InAs is determined by the desorption 

rate o f As2  from InAs which is independent of growth rate and depends only on 

the substrate temperature used. This confirms the results of Hancock et al 2 8  who 

found by studying the transition from a (2 x 4 ) to a (4 x 2 ) reconstruction that the 

governing factor controlling the substrate temperature for this change was not the 

flux ratio but rather the amount of excess arsenic supplied.

Shen et al 2 9  have shown that the limit of congruent vaporisation is given 
by the intersection of the pAs2 and the pAsj lines (shown graphically in Figure

3.9). This represents the maximum stable temperature of InAs under vacuum and
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in the absence of any arsenic overpressure. For substrate temperatures higher than 

this the arsenic flow is larger than that of indium and the excess indium builds up 

on the surface and forms droplets. The congruent temperature limit value denved 

from Figure 3.9 is 400°C which may be compared with the value of 380°C quoted 

by Wood30.

If it is assumed that the ratio of incident and desorbing partial pressures is 

approximately equal to the ratio of incident and desorbing fluxes, then the excess 

arsenic necessary to suppress droplet formation during growth is equal to the 

difference between the arsenic partial pressures for congruent evaporation and the 

partial pressure along the liquidus :

Excess L S
P a s2 =  P  As2 P as  2 ( 3 - 1 0 )

IE-04

1E -05-

E-06 -
Excess 
A SoIE-07 -

Excess
1E-08-

1E-09-

1 E - 1 0 -

1E-11 -

1E -12 —
Congruent
Limit1E -13 —

IE -14
1.0E-03 1.2E-03 1.4E-03 1.6E-03 1.8E-03

s
Pas2

L

Pas2

Excess
PAso

1/Substrate Temperature (K)

Figure 3.9. Partial arsenic pressures over the solid solution and diphasic liquid/solid 

phases of InAs. The arsenic pressure needed to stabilise the surface and prevent any 

droplet formation is given by the difference between the two pressures at temperatures 

above the congnient limit
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The total incident arsenic pressure necessary for the MBE growth of InAs 

in the regime where it is necessary to suppress the formation of indium droplets 

can be considered as consisting of two components

Incident 0 Excess , ■.
P as, =  P Asj P a s , ( 3 1 1 )

where p“ is a constant representing the minimum arsenic partial pressure

necessary for growth at low temperature. Its value can be calculated from the flux 
necessary for a desired growth rate. plx' “ ' is the extra arsenic required to stabilise

the surface and is a function of substrate temperature. The value of p1”stldcn!

calculated from equation 3.11 is shown in Figure 3.10 as a function of substrate 

temperature for low temperature growth rates corresponding to 1.0/<m/hr and 

0.625/<m/hr. The experimental points measured using the growth rate transition 

point are shown superimposed on the theoretical lines. The agreement w ith theory 

is excellent.

IE-05

Theory'

Incident

Experimental1E-06 -

1/^m/hr

IE-07
1.20E-03 1.25E-03 1.30E-03 1.35E-03 1.40E-03

1/Substrate Temperature (K)

Figure 3.10. Theoretically calculated and experimentally measured minimum arsenic pressures as 
a function of the inverse of the substrate temperature. The solid lines represent the theoretical 
predictions of equation 3.11 for the transition between good morphology and indium accumulation 
on the InAs surface. The circles represent the experimentally measured values of Tc for growth at 
an initial low temperature rate of 0.625/un hr and tire triangles represent measured values of Tc for 
an initial growth rate of 1 0/m ihr.
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The experimentally measured excess arsenic pressure as a function of the 

inverse of the substrate temperature is shown in Figure 3.11. It is apparent that the 

excess arsenic necessary to stabilise the surface and prevent droplet formation is 

independent of the growth rate, and is a function only of the substrate temperature 

during growth.

IE-07 -

IE-08 -

IE-09
0.0012 0.00125 0.0013 0.00135 0.0014

1/Substrate Temperature (K)

Figure 3.11. Theoretical and experimental values for the excess arsenic partial pressure necessary 

to stabilise the surface of InAs as a function of the inverse of the substrate temperature.

3.6. Conclusions

The onset of indium accretion on the surface of InAs produces a 

characteristic drop in the growth rate measured by RHEED oscillations. The drop 

in growth rate also coincides with a transition from an initial rise to an initial drop 

in the intensity of the RHEED oscillations at the commencement of growth. The 

formation of indium droplets on the surface can be suppressed by the use of an 

arsenic pressure in excess of that needed for growth. The amount of excess arsenic 

which it is necessary to supply is determined by the substrate temperature and is 

completely independent of the InAs growth rate used. Experimental measurements 

of the behaviour of InAs are in good agreement with predictions based on 

thermodynamic considerations. This implies that the formation of indium droplets 

is related to the partial pressure of As2 over the InAs surface. The growth of InAs 

is normally performed at temperatures well above the limit of congruent 

evaporation where the equilibrium partial pressure of As2 over the two phase
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phase solid/liquid regime dominates over the partial pressure for congruent 
evaporation. This is supported by observations of GJ”“  as a function of substrate 

temperature which confirm that the activation energy for arsenic desorption 

(3.4eV) is similar to that for evaporation from the two phase regime (3.3eV).
Metallic droplet formation has also been observed in the growth of InP31  

and the lattice matched ternary Ino.5 3 Gao.47 As system2. Growth of both of these 
materials is performed at temperatures considerably higher than their congruent 
limit. By comparison, the relative insensitivity of GaAs to growth conditions can 
be explained by the congruent evaporation limit of 650°C being very close to the 
temperature at which gallium desorption starts to become significant. In this case 
gallium is evaporated before any droplets are able to accumulate.
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Chapter 4

Analysis of the Lattice Matched Growth
of Ino.53Gao.47As and Ino.52Alo.4sAs by

MBE

4.1 Introduction

The combination of In0 .5 3 Ga0.47 As and Ino.5 2 Alo.4 8 As lattice matched to 
InP allows various high performance m i c r o w a v e 4  and optoelectronic5’6’7’8  

devices to be realised. The growth of such devices by MBE requires that the group 
III atoms in the molecular beam are uniformly distributed and precisely controlled 
to give the desired composition and growth rate. Several methods of achieving 
composition uniformity in MBE grown Ino.5 3 Gao.47 As and Ino.5 2 Alo.48 As layers 
have been tried, including the use of premixed In-Ga charges9, coaxial In-Ga 
effusion cells10, and substrate rotation11. The rotating substrate holder proved to 
be the most successful approach, making it possible to grow III-V ternary 
compounds with extremely uniform epilayer thickness and composition12. This 
technique is now standard in most laboratories.

Precise control of alloy composition and growth rate has, however, been 
found to be more problematical since the Ino.5 3 Gao.4 7 As/Ino.5 2 Alo.4 8 As system 
presents many problems not found in the GaAs/AlGaAs case. The most accurate 
method of calibrating group III flux densities for the growth of GaAs/AlGaAs 
involves the use of reflected high energy electron diffraction (RHEED) intensity 

oscillations13  to calculate the growth rate of the group III arsenide e.g. 30% 
AlGaAs at 1 pm/hr can be obtained by setting growth rates of 0.7pm /hr and 

0.3pm /hr for GaAs and AlAs respectively on a GaAs substrate. The large 
mismatch between the binary components of the Ino.5 3 Gao.4 7 As/Ino.5 2 Alo.4 8 As 
system makes it impossible to perform such direct growth rate measurements on 
an InP substrate. The standard method of flux calibration14’ 15  is, therefore, to 
measure the pressure of the molecular beam from the group III source using a 
beam equivalent pressure (BEP) gauge in the growth position. Adjusting the ratio 
between the BEP readings for the group III sources enables the correct alloy 

composition to be set (the total reading is then used as a guide to the growth rate
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of the ternary alloy). This method is relatively inaccurate and normally requires 
the growth of several calibration layers to improve the accuracy of the calibration 
which prohibits calibration on a day to day basis. This chapter describes attempts 
to perform calibration by RHEED intensity oscillations on separate InAs and 
GaAs binary substrates. This method should be capable of giving accurate and 
unequivocal values for the flux densities of the relative group III components of 
the alloys and allow precise control of both the alloy composition and growth rate.

The growth conditions of any ternary alloy are to a large extent determined 

by the thermal stability of the less stable of the two pseudo-binary compounds of 
which the alloy is composed. In the case of Ino.5 3 Gao.4 7 As and Ino.5 2 Alo.48 As the 
behaviour is dominated by the InAs component. Typical growth temperatures 
used during Ino.5 3 Gao.47 As and Ino.5 2 Alo.4 sAs growth are therefore much lower 
than those used in the growth of the GaAs/AlGaAs system, and even at these 
reduced temperatures, a large arsenic overpressure is needed to prevent a 
degradation of the surface morphology16. This has been assumed to be due to 
indium and gallium segregation which is controlled by the surface arsenic 
coverage17. In the previous chapter the stability of InAs was explored and a 
theoretical model for the observed behaviour was presented. In this chapter the 
ternary alloys are investigated and it is shown that a model for their behaviour can 
be extrapolated from the InAs case.

4.2 Experimental

All samples were grown using arsenic dimers (As2 ). Substrates were 
etched in 5 H 2 SO4  + H2 O 2 + H 2 O and rinsed in deionised water prior to being 
indium bonded to 2 " silicon wafers and loaded into standard spring mounting 
wafer holders. Si wafers were used in preference to the solid molybdenum blocks 
since better temperature controllability and uniformity were obtained. The heater 
stage temperature measured by a thermocouple gave a temperature reading very 

close to the sample temperature measured by an optical pyrometer, eliminating the 

possibility of large temperature differences across the sample caused by variations 
in the thermal contact between the substrate and the block. Sample temperatures 
were measured using an Ircon series V low temperature infra-red optical 
pyrometer.
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4.3 Group III Flux Calibration

The unit cell of the zincblende lattice structure is shown in Figure 4.1. 

Each monolayer of this structure contains, on average, 2 group III atoms and 2 

group V atoms in an area equal to a 2 where a is the lattice constant material.

T
i .

Group III atoms 

Group V atoms

Figure 4.1 Unit cell of Zincblende structure.

For lattice matched growth on a given binary III-V substrate, the RHEED 

oscillation frequency (i.e. the growth rate expressed in monolayers per seconds) R, 

is related to the incident group III flux density D by the equation

2R
D = —  (4.1)

a
where a is the material lattice constant.

The total group III flux density required to grow' Ino.5 3 Gao.4 7 As on InP at 

1/^m/hr is therefore given by

°  = In 'Xf. 4   ̂ \ <4 -2)(0.36 x a InPJ

The indium flux density required for lattice matched growth is therefore

Djn = 0.533 x 7------------ t— r (4.3)
0.36 x ajup

and similarly the gallium flux density is given by
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DGa = 0.467 x  r r (4.4)
(o.36 x ajnp )

These flux densities can be converted, by using equation (4.1), into 
growth rates for the growth of InAs on InAs and GaAs on GaAs. The calibration 
points for the growth of Ino.5 2 Alo.4 sAs can be calculated in a similar fashion. 
However in order that the growth of the Ino.5 2 Alo.4sAs material should be 
compatible with Ino.5 3 Gao.47 As growth, the indium flux density is held constant, 
and the aluminium flux density is calculated so that the correct indium fraction (x 
= 0.521) is obtained. This gives an alloy growth rate of 1.023}im/hr which is 
slightly larger than that for In 0.53 Ga 0.47 As.

This approach has the potential to give the same systematic control to the 
composition of InGaAs/AlInAs as is normally obtained with the GaAs/AlGaAs 
system. There are, however, a number of factors which complicate the relationship 
between the incident indium flux and the measured growth rate and which must be 
taken into account during the calibration of the indium flux.

The accuracy of this technique depends on the precise knowledge of the 
lattice constants of GaAs and InAs and the variation of these lattice constants with 
temperature. Published values for the thermal expansion coefficients of GaAs and 
InAs give a required growth rate for InAs on InAs of 0.592|im/hr at a substrate 
temperature of around 460°C, and 0.422pm/hr for the growth rate of GaAs on 
GaAs at a calibration temperature of =580"C. In practice, these values produce 
layers which are slightly gallium rich when the composition is measured by 
double crystal X-ray diffractometry (DCXD). Equally important, the growth rate 
of the ternary alloy measured by RHEED is found to be less than 1 |im/hr.

To determine the correct In calibration point, several layers were grown 
with increasing InAs growth rates during calibration. In addition, sample #B253 
containing 6  layers with In cell temperatures corresponding to InAs growth rates 

in the 0.60 - 0.65|im/hr range was grown. The structure is shown schematically in 
Figure 4.2. The substrate temperature during the growth of this sample was 520°C. 
The substrate temperature during the growth of the individual layers was between 

520°C and 530°C. The Ga cell was held at a constant temperature corresponding 
to a growth rate of 0.422|im/hr for GaAs on GaAs for all of the samples.
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6jWm InGaAs

Figure 4.2. Schematic diagram of #B253. The sample contains six layers with InAs on InAs 

calibration growth rates in the range 0.60 - 0.65/nn hr The thickness of each layer was 0.5/nn.

The DCXD recking curve for sample #B253 is shown in Figure 4.3. Only 

5 peaks are visible around the main substrate peak, indicating that one of the 

layers is exactly lattice matched. The calculated compositions from both the 

individual layers and the composite structure are plotted as a function of InAs on 

InAs growth rate in Figure 4.4. Data for both individual 1/rm thick InGaAs layers 

and the composite layer #B253 appear to be in good agreement.

The growth rate for lattice matching suggested by the data in Figure 4.4 is 

0.625/^m/hr. Ino.5 2 Alo.4 8 As layers which were grown with an InAs calibration of 

0.625/mi/hr were also found to be lattice matched and the measured growth rate 

was 1.023/mi/hr as predicted. The InAs calibration point is considerably higher 

than the predicted value o f 0.592/<m/hr. The difference is too large to be 

accounted for by an error in the thermal expansion coefficient, since it would 

represent an expansion 10 times larger than the published values. The explanation 

must therefore lie with a decrease in In incorporation during growth. The increase 

in the calibration growth rate corresponds to an In desorption rate of ^0.015/nn/hr 

from the Ino.5 3 Gao.4 7 As layer.

Gr(InAs) = 0.61 Off m/hr

Gr(InAs) - 0.650/fm/hr

Gr(3nAs) = 0.640/#m/hr

Gfl InAs) = i '.63. i/<m/hr

G,.(lnAs) = 0.625«m/hr 
1

Gr(InAs) = 0.605/<m/hr
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Figure 4.3 DCXD rocking curve for InGaAs composite layer grown with 6 different indium cell 

temperatures corresponding to growth rates for InAs on InAs of between 0.59 and 0.64|im/hr. The 

Ga cell was held at a constant temperature corresponding to a growth rate of 0.422pm/hr for GaAs 

on GaAs. Only 5 peaks are visible, indicating that one of the layers is exactly lattice matched. The 

calculated composition is plotted as a function of InAs on InAs growth rate in Figure 4.4
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®  Composite Layer

W  Individual Layers

•§ 0 .533

54.0

53.0

52.0
Compressive 
Strain

Tensile
Strain

Growth Rate of InAs on InAs (/em/hr)

Figure 4.4. Composition measured by DCXD vs calibration growth rate of InAs on InAs. The Ga 

flux was held constant at a value corresponding to a growth rate of 0.422/mi hr GaAs on GaAs. 

Change in slope of graph represents influence of strain on In desorption rate. It should be noted 

that the relationships are not linear and the lines are included only as a guide to the eye.

There is a change in the slope of the data plotted in Figure 4.4 between the 

regions on either side of the lattice matched condition. This is probably due to the 

influence of strain on the In desorption rate. The effect of strain is to reduce the 

activation energy required for the desorption process, producing an increase in the 

desorption rate, which further reduces the indium composition and hence the 

amount of strain in the layer. If the incident indium flux density is smaller than 
that necessary for lattice matched growth ( G q ^  < 0.625/^m/hr), the

compositional change produced by a variation in indium 11 ux density will be 

larger than expected since the change in the rate of indium incorporation is 

enhanced by strain. In contrast, for the case where the incident In flux density is 
larger than that necessary for lattice matched conditions ( G q ^  > 0.625/<m/hr),

the feedback mechanism between In desorption and strain tends to reduce any 

change in composition produced by an increase in the incident In flux density, 

since the strain induced desorption rate is now proportional to the indium content 

of the layer.
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Feedback is -ve for 
compressive strain 
and +ve for tensile 
strain

A F

AS-
dD

Fjn= Incident indium flux density

S = Strain energy

DIn= Desorbing indium flux density

Figure 4.5. 'Feedback mechanism' for the influence of strain on the relationship between incident

indium flux and bulk composition.

A switch in the sign of AS at the lattice matched condition produces a 
change in the sign of the feedback, giving the change in slope observed in Figure
4.4. It should be noted that the relationship between composition and incident 
indium flux is not linear and the lines shown in Figure 4.4 are intended only as a 
guide to the eye.

If the desorbing indium flux density produced by the strain feedback effect 
can be increased until it is similar to the change in incident flux density then the 
system can, in theory, be made to 'self-lock' to the lattice constant of the InP 
substrate. This is considered in more detail in section 4.6.

4.4 Growth Conditions

It has been shown in chapter 3 that the growth of InAs at substrate 
temperatures above the maximum temperature for congruent evaporation (Tee) 

produces preferential arsenic vaporisation which leads to the appearance of 
metallic droplets on the InAs surface. These can be suppressed by increasing the 
arsenic overpressure. During growth, the onset of droplet formation coincides with 
a drop in the growth rate measured by RHEED intensity oscillations and the 
disappearance of an initial increase in the intensity of the RHEED specular spot. 
The RHEED diffraction pattern, however, remains an arsenic stable (2 x4) during 
growth in the regime where droplets are forming.

The step-like drop in growth rate has also been observed for the growth of 
the indium containing ternary alloys. Figure 4.6 shows the variation of growth rate

66



for InAs on InAs, and I no. 5 3  Gao 4 7  As and Ino.5 2 Alo.4 8 As grown on an InP 

substrate with an identical AS2  partial pressure of 2.7 x lO 7  Torr.

1.02

_  1
'u,3
a
a. 0.98
<u
U
-c 0.96
£o
u .

o 0.94

0.92
450 500 550 600

Substrate Temperature (°C)

Figure 4.6, Growth rates determined by RHEF.D oscillations for InAs, Ino.53Gao.47As and 

Ino.52Alo.48As as a function of substrate temperature for a constant arsenic dimer flux.

The general behaviour of the ternary alloys is similar to that of InAs, but the 

transition temperature (Tc) between the two plateau regions is higher for 

Ino.5 3 Gao.4 7 As and higher still for Ino.5 2 Alo.4 8 As. This is similar to the 

relationship between the congruent evaporation temperatures, T ^ ,  for the 

materials with T ^  InAs < Tce Ino 5 3 Gao.4 7 As < Tce Ino.5 2 Alo.4 8 As. The size of the 

step is approximately the same for each material. At ~555°C the growth rate of 

Ino.5 3 Gao.4 7 As becomes a strong function of substrate temperature as the indium 

desorption starts to vary rapidly for a small change in substrate temperature. This 

occurs at the slightly higher temperature of -570°C for Ino.5 2 Alo.4 8 As. In both 

cases the onset of measurable desorption occurs at substrate temperatures well 

removed from T c. The curves are repeatable for both increasing and decreasing 

substrate temperatures. The initial rise in the intensity of RHEED specular spot 

observed for InAs, also correlates with Tc for the lattice matched ternary alloys.

Figure 4.7 shows Normaski phase contrast images of two InGaAs layers, 

one grown on the upper (T<TC) plateau and the other grown on the lower (T>TC) 

plateau.

•  c > o

o
■  «  « 4 9 f N

O  InGaAs
#  AlInAs
H  InAs
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(b)

Figure 4.7. Normaski phase contrast image for InGaAs layers grown on (a) the upper (TcT q) 
plateau of Figure 4.6 and (b) die lower (T>TC) plateau of Figure 4.6. The InGaAs layer grown on 
die upper, higher growtii rate region has a mirror finish, while the layer grown above T c contains

many surface defects.
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Figure 4.8. DCXD recking curves for (a) InGaAs sample grown on upper (<TC) plateau of growth 

rate curve (b) InGaAs sample grown on lower (>T c) plateau of growth rate curve.

The InGaAs layer grown in the upper, higher growth rate region has 
excellent morphology with only the usual oval defects. This contrasts sharply with 
the layer grown at a substrate temperature just above Tc where a reduction in 
growth rate has occurred. The surface of this sample contains many globular 
defects. Energy Dispersive Analysis by X-ray (EDAX) shows these defects to be 
indium rich. The DCXD rocking curves of the two layers are shown in Figure 4.8. 
The lower temperature sample contains only one peak indicating that the layer is 
lattice matched. The rocking curve for the higher temperature sample contains 
separate layer and substrate peaks indicating a slight mismatch between the lattice 
constants of the InxGai_xAs and the InP substrate. The spacing of the peaks 
corresponds to a layer composition of x=0.512 which agrees very well with the 

growth rate reduction of 0.019|im/hr measured immediately before growth of this 

layer (refer to figure 4.6). This leads to the conclusion that the measured drop 
corresponds to the onset of the formation of metallic droplets which are composed 
almost exclusively of liquid indium. The creation of these droplets appears to 
stabilise the surface and prevent further increases in the rate of indium loss, 
keeping the proportion of indium which incorporates into the lattice relatively 
constant until higher temperatures where desorption becomes measurable. The 
RHEED reconstruction observed at Ts > Tc remains a (2x4) pattern of the type 

normally seen during the growth of As-stable (100)-GaAs, until the onset of 
measurable desorption when the pattern switches to a metal-stable (4x2) 
reconstruction.
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4.5 Thermodynamic Analysis

4.5.1 Congruent Evaporation

The thermodynamic treatment of InAs growth in chapter 3 has shown that 

the relationship between the atomic flow rates for the congruent vaporisation of 

InAs is given by

= 1 (4.5)
Pm

The atomic flow is related to the partial pressure of a species by the Hertz- 
Knudsen relation18

5 > ; P j a j)
_ i ________  (4.6)

where vj is the stoichiometric coefficient of the element i in any gaseous species 
j, Mj is the molar mass, Pj is the partial pressure and (Xj is the evaporation

coefficient. Therefore applying equation 4.5 for the InAs binary compound 
gives: -

Pas2 _  1

P,. 1
f  \/l \

= 0.571 (4.7)M *,
V M in  j

For congruent evaporation from a IIIa-HIb-As alloy, which conserves the 
composition of the alloy, the ratios between the atomic flows for the congruent 
vaporisation are given by19:

Fm. + Fm
F a,

= 1 (4.8)

Fm
= x (4.9)

FniB

where x is the alloy composition. In the case of the Ino.5 2 Alo.4 8 As and 

In0.53 Ga0.47 As systems, the difference in volatilities of the group III components
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means that equation 4.9 is never satisfied over any temperature range. The 
composition of the alloy is never conserved and the initial ternary composition 
will always move towards GaAs or AlAs by preferential desorption of indium, 
however degradation of the surface is avoided if equation 4.8 is satisfied. The 
conditions for the congruent vaporisation of Ino.5 2 Alo.48 As and Ino.5 3 Gao.4 7 As 
therefore reduce to equation 4.7 and the ratio of the desorbing indium and arsenic 
partial pressures is identical to the ratio in the binary InAs case.

4.5.2 Ino.5 3 Gao.47  As

If strain effects are ignored, then the indium partial pressure over the 
InGaAs and AlInAs solid solutions can be estimated by treating the ternary alloy 

as a mixture of two binaries2 0  e.g. in the case of InGaAs

InxGa(i-x)As = xlnAs + (l-x)GaAs (4.10)

At substrate temperatures below 600°C the assumption can be made that 
all the Ga condenses as GaAs and it is only necessary to consider the behaviour of 
the InAs component of the pseudobinary material. The equilibrium equation is 
therefore given by

i

PAs2Pln “’ ^InAs^InAs (A ll)

where a InAs is the activity of InAs in the ternary solid solution. In general, the 

activity of a solute in a given solution is a constant whose value depends on the 
nature of the solute and the solvent. For an ideal solution there is no interaction 
between solute atoms and the activity is given by the fraction of the solution 

comprised by the solute i.e.

a  = x (4.12)

Experimental mass spectrometric measurements21  performed on the 
InGaAs solid solution show that the value of a InAs does not behave ideally, but is

instead a function of both composition and temperature. For the case of x = 0.5 the
activity is given by : -

log«xInAs) = ^ p — 0.053 (4.13)
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The activity coefficient calculated from equation 4.13 is shown as a 
function of temperature in Figure 4.9.

Temperature (K)
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0.375
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500 520 530 540 550510

Temperature (°C)

Figure 4.9. InAs activity in the Ino.5 Gao. 5  As solid solution as a function o f temperature (from 

reference 21).

The value of the activity of InAs in the Ino.5 3 Gao.4 7 As solid solution 
changes very little across the range of interest (500-550°C) so the assumption can 
be made that a InAs is constant at a value 0.29. The relationship between the

equilibrium partial pressures of In and As2 over the In0.53  Ga0.47  As solid solution 
is therefore given by

pjL, Pa, = 0 .2 9 1 ^ *  (4.14)

The condition for congruent evaporation given in equation 4.7 can be 

combined with equation 4.14 to give the partial pressures of arsenic and indium 
for congruent evaporation from an Ino.5 3 Gao.47 As surface

In p L ,  (atm) = -31798 / T +16.40 + 2 / 3In 0.29
(4.15)

= -3 1 7 9 8 /T  + 15.57 

In pjn (atm) = -31798 / T  +16.13 (4.16)
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The activity of InAs in the InGaAs diphasic mixture has been 

measured2 2 '2 3  and found to resemble the ideal relationship given by equation 

4.12. By substituting into equation 4.11, the In and As2  partial pressures can be 

obtained from the InAs behaviour shown in Figure 3.7, giving

In p,‘n (aim) -  -28336 / T + 11.67 (4.17)

and

In p] ( S2 (atm) = -38166 / T + 26.15 (4.18)

S LThe values of p)n and pln can be converted to In desorption rates 

expressed in /un/hr. The growth rate of Ino.5 3 Gao.4 7 As as a function of substrate 

temperature calculated from these desorption rates is shown in Figure 4.10, 

together with experimental data for comparison.
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Figure 4.10. Theoretical curves for growth rate as a function of substrate temperature calculated 

from desorption rates from the Ino.5 3 Gao.4 7 As solid solution and diphasic mixture. Experimental 

data from Figure 8  is included for comparison.

The agreement between the curve representing desorption from the solid 

solution and the experimental data is excellent, indicating that, in the region 

monitored by the RHEED intensity oscillations, the indium loss from the bulk can 

be calculated from the indium partial pressure over the solid solution. The 

presence of measurable indium desorption does not, however, mean that the 

indium droplets on the surface have begun to desorb, since only the droplet free 

areas of the surface are probed by the RHEED beam. To prevent droplet formation

Expcn mental 
Points
Desorption from 
solid solution 
Desorption from 
diphasic mixture
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entirely, it is necessary for the indium partial pressure along the liquidus to be 
greater than the incident indium partial pressure24  i.e.

PiLn > p ;;cident (4.i9)

Figure 4.11 shows the incident and desorbing indium partial pressures as a 
function of the inverse of the substrate temperature according to equation 4.17. 
The partial pressure from a droplet does not become greater than the beam 
equivalent pressure of the incident indium flux until a tem perature of 
approximately 575°C is reached. Droplet formation occurs therefore in the range 
given by T c < Ts < 575°C. The surface morphology of samples grown at 565°C (in 

the regime of measurable desorption from the solid solution) and 600°C is shown 
in Figure 4.12. The sample grown at 565°C shows the presence of indium droplets 
while the sample grown at 600°C has a mirror-like surface. It should be noted, 
however, that the higher temperature sample was not lattice matched, due to the 
large In desorption rate from the solid solution at this temperature.
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Figure 4.11. Indium partial pressure above the In-InGaAs liquidus as a function of 1/TS. The 

intercept with the incident partial pressure represents the maximum temperature at which indium 

droplets are stable on the InGaAs surface.
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(a)

Figure 4.12. Normaski phase contrast image for InGaAs layers grown at substrate temperatures of 
(a) 565'C and (b) 600“C. The InGaAs layer grown at the higher substrate temperature has a mirror 

finish, while the layer grown at 565‘C contains many surface defects.
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It has been shown in the previous chapter that the congruent limit of a 
material can be calculated from the point at which paS2 =Pas2 and that, for

substrate temperatures above this congruent limit, preferential arsenic vaporisation 

leads to the production of metallic droplets on the surface. The excess arsenic 

partial pressure which has to be supplied in order to suppress the formation of 

indium droplets is thus given by

Excess L S /  A  ^ r \ \

Pa„ = Pa„ -  Pm , (4.20)

The total arsenic partial pressure ( p(̂ Si + p j^ ess) which is necessary7 for the

growth o f I no. 5 3  Gao.4 7  As with no metallic droplet formation is shown in Figure 

4.13 as a function of 1/TS.
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Figure 4.13. Theoretical and experimental As2  partial pressures necessary for the growth of 

IIX). 5 3 Gao 4 7 As at l/nn/hr without surface indium droplet formation as a function of 1/TC.

The experimental points on this graph represent the transition temperature 
(Tc) between the upper and lower plateaux of the grow th rate vs T s curve as 

illustrated in Figure 4.4. Extremely good agreement is obtained between the 

theoretical prediction and the experimental results. The stabilising As2  flux can 

therefore be accurately predicted for any substrate temperature.
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4.5.3 Ino.5 2 Alo.4 8 As

The partial pressure over the AlInAs solid solutions can be calculated as in 

the case o f InGaAs, by treating the ternary alloy as a mixture of two binaries :

InxAl(i_X)As = xlnAs + (l-x)A lA s (4.21)

For substrate temperatures below 700°C it is only necessary to consider the 

behaviour of the InAs component so the equation relating the partial pressures for 

the solid solution becomes, as before :

JL

PAs2 Pin = ^InAs^MnAs (4.22)

where a ln̂ s is the activity of InAs in the Ino.5 2 Alo.4 8 As solid solution. No 

experimental data for this activity is available but, by comparison with 

Ino.5 3 Gao.4 7 As, it is possible to derive a figure from the high temperature indium 

desorption curve for Ino.5 2 Alo.4 8 As. Figure 4.14 shows the experimental curves 

for the desorption of indium from Ino.5 2 Alo.4 8 As and Ino.5 3 Gao.4 7 As together with 

the theoretical curves for activities of 0.29 and 0.15. The value of 0.15 is the best 

fit to the experimental Ino.5 2 Alo.4 8 As data.
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Figure 4.14. Growth rates of Ino.5 2 Alo.4 8 As and Ino.5 3 Gao.4 7 As as a function of substrate 

temperature. The lines represent calculated desorption rates assuming an activity of 0.15 and 0.29.
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The indium and arsenic partial pressures over the Ino.5 2 Alo.4 8 As solid 
solution calculated assuming an InAs activity of 0.15 are :

The overpressure of As2  necessary to prevent the formation of indium 
droplets is given by equation 4.20. The dominant component of this excess 
pressure is the As 2 partial pressure over the diphasic mixture, however there is 
again no experimental data available for the activity of InAs in this mixture. The 
experimental results given in Figure 4.15 show that the As 2  overpressure 
necessary to stabilise an Ino.5 2 Alo.4 8 As surface is significantly less than that 
required for an Ino.5 3 Gao.4 7 As surface. A fit to the Ino.5 2 Alo.4 8 As data gives an 
activity of 0.18 for InAs in the diphasic mixture. It should be noted that the value 
of a InAs is the only adjustable parameter in the theoretical curve shown in Figure

4.15 and the fit to the experimental data obtained is excellent. Scott eta l 25 have 
calculated, using Auger profiling techniques, that the In loss from Ino.5 3 Gao.47 As 
was 3.3 times greater than that in Ino.5 2 Alo.4sAs. This value should be compared 
with the ratio between the diphasic activity of InAs in Ino.5 3 Gao.4 7 As and the 
activity in Ino.5 2 Alo.48 As derived above

In p^ S2 (atm) = -3 1 7 9 8 / T  + 15.14 (4.23)

In p^ S2 (atm) = -3 1 7 9 8 / T  + 15.51 (4.24)

a InAs (InGaAs) = 0.53 = 2  9 4 (4.25)
a ^  As (In A1 As) 0.18
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Figure 4.15. As2  partial pressure necessary for growth of Ino.5 2 Alo.4 sAs and Tno.5 3 Gao.4 7 As at 

1/an/hr vs 1/T§.

This value gives arsenic and indium partial pressures in the diphasic 

regime of

In p^ S2 (atm) = -38166 / T + 25.43 (4.26)

and

In pi„ (aim ) -  -28336 / T + 10.95 (4.27)
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Figure 4.16. Indium partial pressure above the In-InAlAs liquidus as a function of 1/TS. The 

intercept with the incident partial pressure represents the maximum temperature at which indium 

droplets are stable on the InAlAs surface.

The incident In partial pressure and the partial pressure of In over the 
liquidus are shown as a function of 1/TS in Figure 4.16. The intersection of these 
two lines gives a temperature of 590°C for the upper temperature limit of droplet 
formation during the growth of Ino.5 2 Alo.4 8 As at lfim/hr. This value is slightly 
higher than the value of 575°C previously calculated for Ino.5 3 Gao.47 As .

4.6 G rowth o f  Ino.5 2 Alo.4 sA s at High Substrate Tem peratures

The quality of MBE grown A1-containing alloys is very sensitive to the 
presence of contaminants in the growth environment. Oxygen, in particular, bonds 
very strongly with A1 and has been identified as the main non-radiative 
recombination impurity in AlGaAs26. The incorporation of oxygen into AlGaAs 
can be minimised by using high (>650°C) substrate temperatures during growth. 
At high temperatures oxygen desorption aided by Ga desorption prevents oxygen 
accumulation on the surface and the resulting incorporation into the bulk27. It 

would be desirable to grow Ino.5 2 Alo.4 8 As layers at such high temperatures to
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improve the quality of material, and take advantage of the absence of surface 
indium droplets and the potential for the 'self-locking' effect discussed previously.

The incident As2  partial pressure for growth under such circumstances 
should be close to the minimum for low temperature growth, and the incident In 
partial pressure larger than that necessary to compensate for desorption from the 
solid solution. In addition, the substrate temperature must be above the point at 
which droplets are stable and in the regime where good surface morphology is 

obtainable.
To calculate the minimum permissible substrate temperature, it is 

necessary to take account of the additional In partial pressure required to 

compensate for In desorption. The criterion for droplet instability given in 
equation 4.19 must therefore be modified to include desorption from the solid 
solution, giving

_L . _ Growth . S / a oq \
Pin > Pin + P ln  (4 -28)

where p^ rowtl1 is the incident In partial pressure required for low temperature 

growth at the desired rate. This condition is shown graphically in Figure 4.17.
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Figure 4.17. Indium partial pressure above the In-InAlAs liquidus as a function of 1/TS The 

incident partial pressure includes a component to compensate for In desorption. The intercept 

represents the maximum temperature at which indium droplets are stable on the InAlAs surface.
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The intercept between p{n and the total incident In flux ( p^ routh + pjSn ) 

gives an upper temperature limit of 600°C for the stability of free In droplets.
The structure used for the growth of Ino.5 2 Alo.4 8 As at high T s is shown in 

Figure 4.18. A thin buffer layer was first grown in the normal growth regime to 

protect the substrate from thermal decomposition. This was followed by 3M L of 

GaAs to prevent surface contamination and droplet formation during the interrupt 
necessary to raise T s to 600°C and increase the In cell temperature to provide the 

additional In flux needed at this temperature. The In furnace setpoint temperature 

had previously been calibrated using RHEED intensity oscillations to provide an 

In flux of 10% in excess of that necessary to compensate for In desorption. An In 

calibration setpoint of ~0.75/<m/hr was used to give the required In partial 
pressure. 2pim of AlInAs were then grown at a T s o f 600°C. The structure was 

completed by a 3M L GaAs interrupt protection layer followed by an 

Ino.5 3 Gao.4 7 As cap grown at 525°C.

3 ML GaAs

3M L GaAs

Figure 4.18. Schematic diagram of the structure used for the high temperature growth of
In o .5 2 A lo .4 8 A s

The surface morphology of the high temperature sample was completely 

smooth and featureless. The DCXD rocking curve for the sample is shown in 

Figure 4.19.

100A InGaAs Ts = 525*C

*3 A ;  - A x  "L
2fim AlInAs Ts=6(XrC

InP Substrate
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Figure 4.19. DCXD rocking curve for high Ts AlInAs sample.

The splitting between the substrate peak and the AlInAs peak is 188sec 
which corresponds to a composition of x=0.512. This is close to the room 
temperature lattice-matched composition of x=0.522. The small discrepancy may 
be due to thermal expansion of the InP substrate at the growth temperature of 
600°C.

4.7 Conclusions

RHEED intensity oscillations can be used to calibrate the incident In, Ga 

and A1 flux densities for the growth of Ino.5 3 Gao.47 As and Ino.5 2 Alo.4 8 As. The 
calibration points are found by converting the required flux densities into growth 
rates on InAs and GaAs substrates. The evaporation of indium from the ternary 

alloys appears to be influenced by the strain between the layer and the substrate 
which produces a slight shift from the expected calibration points and causes a 
change in the slope of the composition as a function of incident indium flux 
density around the lattice matched condition. If this effect is taken into account 

then reliable and repeatable control of the composition to a lattice mismatch of 
±150ppm can routinely be achieved.
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The onset of indium accretion on the surface of Ino.5 3 Gao.4 7 As and 
h i0 .5 2 A1 o.48 As produces a drop in the growth rate measured by RHEED 
oscillations of the type seen for InAs. The drop in growth rate also coincides with 
a transition from an initial rise to an initial drop in the intensity of the RHEED 
oscillations at the commencement of growth. The formation of indium droplets on 
the surface can be suppressed by the use of an arsenic pressure in excess of that 
needed for growth. Calculations using existing thermodynamic data for 

hi 0.53 Ga0.47  As are in good agreement with experimental measurements of the 
amount of excess arsenic which it is necessary to supply to prevent metallic 
droplet form ation. In the case of Ino .5 2 Alo.4 8 As, the lack of detailed 
thermodynamic data means that the activity o f InAs in this material must be 
deduced from a fit to the experimental data. This yields an activity of 0.15 in the 
solid solution and 0.18 in the liquidus.

The desorption characteristics of Ino.5 2 Alo.4 sAs and Ino.5 3 Gao.4 7 As 
suggest that there is an upper temperature limit above which droplets are not 
stable, and good morphology material can be grown. This is confirmed by 
experimental layers which have been grown at temperatures as high as 600°C with 
'mirror' surfaces. There is also some evidence of a 'self-locking' effect at these 
temperatures caused by strain-induced In desorption.
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Chapter 5 
The Optical and Electrical Properties of 

Undoped Ino.53Gao.47As and 
Ino.52Alo.48As Grown by MBE

5.1 Optical Properties

5.1.1 Introduction

Photoluminescence (PL) spectroscopy1’2  is a method which is frequently 
employed to assess the optical properties of MBE grown layers and identify low 
level impurities present in the layers3. Samples are illuminated (normally, with a 
laser) to produce excess carriers in the semiconductor material by photon 
absorption. The excess carriers subsequendy recombine and, if the material has a 
direct bandgap, then the recombination process may result in the emission of a 
photon. Residual impurities in the layer produce states within the forbidden energy 
gap of the material which can bind electrons, holes, or excitons (electron-hole pairs 
held together by coulombic interaction). The recombination of such bound carriers 
gives rise to a sharp peak in the PL spectrum at an energy which is characteristic of 
the impurity atoms involved in the transition. The most important types of transition 
are:-

(1) Excitonic emission, due to the recombination of an electron hole pair. The 
highest energy transition is produced by the recombination of free 
excitons, followed by transitions involving the recombination of excitons 
bound to neutral or ionized donor and acceptor impurities.

(2) Free-to-bound emission, due to the recombination of a conduction band 
electron with an acceptor-bound hole or alternatively to the recombination 
of a donor-bound electron with a valence band hole.

(3) Donor-acceptor emission, due to the recombination of an electron bound 
to a donor atom with a hole bound to an acceptor atom. The donor and 
acceptor atoms are both ionized by this transition.
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There are, in addition to the near-bandedge transitions mentioned above, 
quite frequently transitions at much lower energies which are produced by either 
deep impurity levels close to the middle of the bandgap or structural imperfections 
in the crystal. These transitions are, in general, less well understood than shallower 
transitions and peak assignment is much less certain.

5.1.2 Experimental Setup

PL measurements were used to assess the optical quality of the bulk 
material. A schematic of the experimental apparatus is shown in Figure 5.1. The 
specimens were mounted on a cold finger inside a vacuum system and illuminated 
with the 4876A line of an argon ion laser. The incident power of the laser beam was 
typically 13mW (corresponding to an intensity of »1.5 W cn r2). The emitted 
luminescence was filtered to exclude the excitation wavelength and focused onto the 
entrance slits of a Monospek 2 metre grating monochromator. The slit size used 
was, in most cases, 0.05mm giving an energy resolution of clm eV . The light was 
detected by a liquid nitrogen cooled germanium photodetector. The incident beam 

was chopped at a frequency of 40Hz, enabling a lock-in amplifier system to be used 
to suppress noise. A PC was used to control the lock-in amplifier and acquire the 
amplified photodetector signal. The software for the acquisition, manipulation and 
plotting of the data from the lock-in amplifier was written during the course of this 
PhD. Hardware was also constructed to enable the PC to control the motor drive of 
the monochromator. The monochromator wavelength was ramped continuously 
during a spectrum acquisition cycle and the wavelength corresponding to an 
amplifier reading was calculated from the ramp speed and the elapsed time. This 
method eliminated the effects of whiplash in the monochromator drive mechanism. 
The number of sample points was fixed at 2000 points for each spectrum.
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Figure 5 .1 . Experimental apparatus used to examine photoluminescence properties of epitaxial

layers.
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5.1.3 Ino.5 3 G ao.4 7 As PL Spectra

Figure 5.2 shows a typical example of the PL spectra obtained for initial 
attempts at the growth of Ino.53Gao.4 7 As samples lattice matched to InP substrates. 

These samples were grown with V:III pressure ratios of approximately 25:1, which 
is at the lower end of the values commonly used in the literature4 ’5 *6  but is 
significantly higher than the subsequently discovered minimum possible flux ratio. 
Three distinct peaks were present in the PL spectra. These have been labelled 1, 2 
and 3.

• ^  x>u,

c<D
■4—>G

1— 1

0.7 0.75 0.8

Energy (eV)

Figure 5.2. Typical PL spectrum obtained for initial attempts at the growth of Ino.5 3 Gao.4 7 As

lattice matched to InP.

The spectrum is dominated by a donor bound exciton peak (Peak 1) at 

around 0.8eV with a linewidth of =5meV. The lattice mismatch measured by DCXD 

is shown as a function of the energy of the main peak in Figure 5.3 for a series of 
layers. Data obtained by Bassignana et a l 7 for the luminescence from InGaAs 
grown on S-doped InP substrates is also shown on this graph. The two sets of data 

are in good agreement.

92



0.2

0.0

-C
-4—*

-0.3 "

-0.4
0.79 0.8 0.81 0.82

This Work 

Bassignana et al

Energy (eV)

Figure 5.3. Relative mismatch percentage vs main PL peak energy for InGaAs on InP at 9K. 

Hie solid circles represent data from Bassignana et al for 1/an InGaAs on S-doped InP.

The peak at =0.73eV (Peak 3) was not found in all of the samples and is 

thought to be related to the process used to remove the surface oxide as the intensity 

of the peak was found to vary with the de-oxidisation method employed before 

growth was commenced.

Three methods of pre-growth oxide desorption were employed. The first 

used a slow ramp of the substrate temperature in the growth chamber while 

stabilising the surface with an arsenic flux. A weak (2x1) reconstruction was 

obtained at temperatures above =420°C. This became a (2x3) or less frequently a 

(2x4) reconstruction when a temperature of ~ 520°C was reached. The oxide 

desorption did not take place abruptly as is the case with oxide desorption under a 
P2  flux, rather the (2x3) or (2x4) reconstruction appeared slowly as the substrate 

remained at the oxide desorption temperature. There was no sharp transition and it 

was not therefore possible to determine conclusively by RHEED at which point the 

surface oxide was completely gone. This method of oxide desorption was found to 

be a little uncertain, and the PL spectrum for samples grown using this method 

frequently contained a large deep level peak.

The second method again used a slow7 substrate temperature ramp however 

the temperature was raised until the surface reconstruction became a clear (4x2) 

pattern at ~560°C. At this point the substrate temperature was immediately lowered 

to the desired grow th temperature and growth was commenced as soon as the 

substrate temperature had stabilised. This method is widely used in the literature and 

has been shown to give improvements in substrate cleanliness. It was found that
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this technique had a tendency to produce irreversible decomposition of the InP 
substrate and caused the appearance of metallic droplets before the commencement 
of growth. This may have been due to the use of much lower arsenic fluxes than 
those commonly quoted in the literature.

The method of heat cleaning which was found to be the most reliable was to 
leave the substrate at a temperature of 400°C without an arsenic overpressure for an 
extended period of time. This was normally carried out on the buffer chamber high 
temperature degas (HTD) stage. The substrate was typically heated for a period of 4 
hours or more. W hen transferred to the growth chamber, a good (2x4) 

reconstruction was immediately obtained. The PL spectra for Ino.53Gao.4 7 As layers 
grown on InP substrates treated in this way did not contain the deep level peak.

The energy of the remaining peak (Peak 2) varied quite markedly from 
sample to sample. The energy difference (AE) between this peak and the main 
bound exciton peak appeared to scale with the amount of lattice mismatch between 
the layer and the substrate. This is illustrated in Figure 5.4. Two spectra are shown 
for samples with In proportions (measured by DCXD) of 0.528 and 0.523. The 
spectra have been normalised with respect to the main donor-bound exciton peak, to 
show more clearly the energy difference between the main and subsidiary peak.

lOmeV

x=0.528

18 m eV 
—s*.Ui

V5a
aa

l-H

-0.06 -0.04 -0.02 0 0.02

Energy (eV)

Figure 5.4. Spectra for two slightly mismatched InxGa(i.x)As samples grown on InP. The 

spectra have been normalised with respect to the main donor-bound exciton peak.

Wicks et al 8 have reported the presence of secondary peaks in the PL 

spectrum of InGaAs at energies between 15 and 50meV below the exciton peak.
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The peaks were only obtained for V:III pressure ratios < 30:1 and were attributed to 
radiative transitions involving arsenic vacancy complexes. This explanation is, 
however, unsatisfactory since the RHEED reconstruction during Ino.53Gao.4 7 As 

growth has been observed to remain an As-stable (2x4 ) pattern at pressure ratios 
much smaller than 30:1.

An alternative explanation for the secondary peaks is that they are due to a 
indium enhancement of the surface composition produced by segregation. 
Sobiesierski et a l 9  have demonstrated the presence of luminescence from a surface 
quantum well on InP substrates which had been heat-cleaned under a stabilising 
arsenic flux. Oxide removal in such circumstances results in the the exchange of P 
for As atoms, leading to the formation of a thin pseudomorphic In As layer1 0 *11  

which produces a well-defined peak in the PL spectrum of the material. The 
possibility that the secondary peak was produced by an analagous segregation 
enhancement of the surface In composition was investigated by etching an InGaAs 
sample for 30s in H3P0 4 : 8  H2 O2 : 6 OH2O which has an Ino.53Gao.4 7 As etch rate of 
0.2pm/min12. A PL spectra was taken for the etched material and an immediately 
adjacent piece of the material which remained unetched. The PL spectra obtained for 
the two adjacent InGaAs samples, one etched and the other unetched, are shown in 
Figure 5.5. The secondary peak is not present in the etched sample confirming that 
the peak was due to a surface layer which was removed by the etch. This suggests 
that the subsidiary peak is due to the formation of an indium rich surface 
segregation layer on top of the InGaAs layer. The use of very high arsenic 
overpressures reduces the surface mobility of In atoms and suppresses the 
formation of a segregation layer; when the arsenic overpressure is reduced the In 
surface mobility increases and a segregation layer becomes measurable. The 

presence of the secondary peak is therefore a consequence of the relatively low As2  

overpressure used for the growth of the alloys. This does not, however give us the 
complete picture. There is, as is shown in Figure 5.5, a very strong relationship 
between AE and the mismatch between the InGaAs layer and the InP substrate.
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Figure 5.5. Difference in energy (AE) between main bound exciton and adjacent peak vs 

diffference between measured indium composition and lattice matched condition.

The splitting between the main and subsidiary peaks varies linearly with the 
layer-substrate mismatch. At very low mismatch values (<0.05%) no secondary 
peak was observed in the PL, indicating that the segregation layer is either :-
a) no longer present.
b) too narrow to provide confinement.
c) too close to the bulk composition to provide confinement.
d) a combination of b) and c)
In any case it is apparent that the amount of segregating indium is significantly 
influenced by the existence of even very small amounts of strain in the MBE layer.
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Figure 5.6. PL spectra for two adjacent InGaAs samples. The sample corresponding to the 

bottom spectrum has been etched to remove the top 0.1pm of the MBE material.

Many authors have shown the existence of surface segregation processes 

which produce surface compositions which are Ga enriched for the growth of 
AlxGa(i-x)As, and In enriched for the growth InxGa(i-x)As. These processes can, in 
some cases, result in the formation of purely binary surfaces13’14. Gerard15  has 

measured the indium content of the surface monolayer of strained InxGa(i_x)As and 
InxAl(i_x)As on GaAs and demonstrated that the indium content rises sharply during 
the initial few monolayers of growth, confirming that the indium enrichment of the 
surface layer is produced at the expense of these first monolayers. The 
commencement of growth produces a gradient between a composition which is 
initially indium deficient and one which corresponds to the ratio of the impinging 
group III fluxes. After the growth of this graded layer the surface composition is in 

equilibrium with the bulk and the fluxes incorporating into the bulk are identical to
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the impinging fluxes. The surface layer is, at this point, In-rich in comparison with 

the bulk and subsequent growth occurs through this In-nch layer. The variation of 

In-composition with depth of a bulk InGaAs layer is shown schematically in Figure 

5.7.

In-Rich Surface Layer

InP Substrate 
____________________________________ _____________

Figure 5.7. Schematic diagram of the variation in composition produced by In segregation 

during growth of a bulk InGaAs layer .

The thickness of the surface segregation layer of the MBE-grown 

InxGa/i-x)As was estimated from the energy of the secondary7 peak. The 

assumptions were made that the surface layer was composed of InAs and the shape 

of the potential well formed by the surface layer could be approximated by a square 

well shape. The calculated well thicknesses corresponding to the measured 

secondary peak energies are shown in Figure 5.8 as a function of the percentage 

mismatch between the bulk composition and the InP substrate. The calculated layer 

thicknesses vary between 4.5A at -0.05% mismatch and 10.5A at 0.17% mismatch. 

These values demonstrate that the surface segregation layers are not confined to the 

topmost surface monolayer as many segregation models assume, but are in fact 

composed of several monolayers.
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Figure 5.8. Thickness calculated from secondary peak energies of well formed by In surface 

segregation during InGaAs growth on InP. The segregation layers were assumed to be composed of 

InAs and to have an approximately square shape.

It should be noted that the thickness of the surface segregation layer does 
not tend to zero at the lattice matched composition. The intersection of the slopes on 
either side of lattice match suggests that a segregation layer =4A thick is present 
even for 0% mismatch. This is in good agreement with X-ray photoemission 
spectroscopy (XPS) results obtained by Massies et a l 16 who have reported an 
InxGa(i_x)As segregation layer corresponding to 2ML of InAs. It seems likely that 
the explanation for the disappearance of the secondary peak in the PL spectrum at 
the lattice matched condition is the lack of confinement produced by such a narrow 
well width rather than the complete absence of any segregation layer.

Figure 5.9 shows a typical luminescence spectrum for an exactly lattice 
matched Ino.53Gao.4 7 As layer grown using the optimised oxide removal process 
and minimum As2 flux. The spectrum contains only one peak corresponding to a 
neutral donor bound exciton transition. The FWHM linewidth of the peak is 

3.2meV which is comparable with the best reported value of 1.2meV17. There is no 
evidence of the segregation layer seen on slightly strained InGaAs samples.
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Figure 5.9. Photoluminescence spectrum for Ino.5 3 Gao.4 7 As lattice matched to InP.

The preceding samples were grown under conditions where there was no 
accumulation of indium droplets on the surface. The formation of an indium 
segregation layer is therefore a separate effect which can occur even in material 
which has a mirror finish. The segregation layer is not, however, confined to the 
good morphology regime: growth in the In accumulation regime also results in the 
formation of an In rich surface layer. Figure 5.10 shows the Ino.53Gao.4 7 As growth 
rate as a function of substrate temperature for an As2  partial pressure of 2.7 x 10‘7 

Torr. Immediately after this measurement was performed, a lp.m thick InGaAs 
sample was grown at a substrate temperature of 565°C - well into the indium 
accumulation regime.
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F ig u re  5 .11. PL spectrum for InGaAs grown in the indium droplet accumulation regime.
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The PL spectrum obtained for this sample is shown in Figure 5.11. The 
intensity of the PL signal was considerably smaller than that for samples with good 
morphology, but it can be seen that 2 peaks were obtained at energies of 0.795eV 

and 0.810eV. The lower energy peak indicates the presence of an In-rich surface 
layer. The mismatch between the bulk material and the InP substrate was measured 
by DCXD and found to be 0.2%, corresponding to a composition of x=0.502. This 

value is identical to the mismatch derived from Figure 5.3 using the measured peak 
energy of 0.810eV. There is, however a discrepancy between the measured position 
of the secondary peak and the position predicted from Figure 5.5. The expected 
value of AH for a mismatch of 0.2% is 35meV while the measured value is only 
15meV. The difference is probably due to the desorption of InAs from the surface 
segregation layer. From Figure 4.6 it is apparent that, at a substrate temperature of 
565°C, significant In desorption is taking place. This will lower the amount of 
surface In, producing a reduced segregation layer thickness and hence a smaller 
than expected value of AE.

5.1.4 Ino.5 2 A lo.4 8 As PL Spectra

The PL spectra of Ino.52Alo.4 8 As indicated poorer quality material than had 
been obtained for Ino.5 3 G ao.4 7 As. The main peak obtained was broad in 
comparison to the sharp excitonic peak observed in Ino.53Gao.4 7 As spectra, with 
linewidths of 25-35meV. A typical PL spectrum is shown in Figure 5.12.
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Figure 5.12. Photoluminescence spectrum for 2pm of Ino.5 2 Alo.4 8 As lattice matched to InP.
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The reduction in layer quality is presumed to be due to the presence of Al in 
the alloy and the resultant increase the incorporation of impurities, especially 
oxygen. Several studies have shown that the presence of Al in alloy layers results in 

the degradation of the optical and electrical quality of the material. In the case of 
AlxGa(i-x)As this problem has been addressed by performing growth at substrate 
temperatures of 700°C or above in order to desorb impurities bound to Al atoms and 
prevent their incorporation into the bulk. Ino.5 2 Alo.4 8 As is normally grown at a 
substrate temperature of =530°C which is considerably lower than is desirable.

The PL peak energy as a function of the composition measured by DCXD is 
shown in Figure 5.13. The data is in good agreement with a cathodoluminescence 
study performed by Davies et a l 18  The PL peak energy obtained for the lattice 
matched condition was 1.50eV.
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Figure 5.13. Energy of PL peak as a function of mismatch derived from DCXD rocking curves

for AlInAs on InP.

No secondary peaks were observed in all but one of the InAlAs PL spectra. 
This cannot however be taken as an indication of the absence of any significant 
segregation layer since the InAlAs samples were routinely capped with a 100A thick 
Ino.5 3Gao.4 7 As layer which may have prevented the observation by PL of any 
segregation layer which had been formed. The exception to this was a sample 
grown under 'self-locking' conditions ie the incident indium flux was higher than 
that necessary to compensate for indium desorption in the absence of strain. The PL 

spectrum for this sample is shown in Figure 5.14. Two distinct peaks are present,
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the weaker of which is produced by bulk AlInAs luminescence. The mismatch 
calculated from Figure 5.13 using the peak energy of 1.45eV is 0.1%. This value 
corresponds very well with the DCXD measurement which also gives a mismatch 
of 0.1%. The peak appears to contain some structure and there is evidence of more 
than one transition involved. The linewidth is 14meV which is significantly smaller 
than was obtained for growth at lower temperatures.
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Figure 5.14. PL spectrum for AlInAs sample grown at 620°C.

The larger of the two peaks does not resemble anything previously seen in 
the literature. It is thought that this produced by the presence of a segregation layer. 
The structure of the sample is shown schematically in Figure 5.15. A 0.1pm low 
temperature InAlAs layer was first grown at Ts = 525°C. This was capped with a 3 

ML thick GaAs layer, the purpose of which was to prevent decomposition of the 
surface during the growth interrupt used to raise the substrate temperature to 620°C. 

2pm of InAlAs was then grown at this elevated temperature followed by another 
GaAs layer to protect the surface during the lowering of the substrate temperature to 
525°C prior to growth of an Ino.53Gao.4 7 As cap. It is suggested that the upper of 
the 2 GaAs layers provides confinement for an InAs segregation layer which forms 
a well between the GaAs and the high temperature InAlAs. The energy of the 
secondary peak (1.35eV) corresponds to a well thickness of =7.5A, if the 
assumption of a square InAs well is again made.
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5.2 E lectrical P roperties

5.2.1 In tro d u c tio n

The Hall measurement1 9 >2 0 >2 1 is the most widely used test of the electrical quality 

of semiconductor matenals. It can be used to distinguish whether a semiconductor 

is n- or p-type and to measure the majority carrier concentration and mobility. The 

Hall effect is a consequence of the Lorentz force which acts on charges moving in 

magnetic fields. The Lorentz force on a particle having a charge q and moving in a 

magnetic field B is given by

F = qvxB  (5.1)

where the cross product is taken between v and B so that the Lorentz force vector is 

perpendicular to both the velocity and the magnetic field.

A schematic representation of a Hall experiment on an n-type semiconductor 

is given in Figure 5.16. The measurement current I is in the x-direction and the 

magnetic field is applied in the z-direction. The Lorentz force produces a sideways 

deflection of electrons in the y-direction causing an accumulation of electrons on 

one side of the test structure. This gives rise to an electric field E h called the Hall 

fie ld , which acts to counterbalance the Lorentz force and produces a terminal 

voltage Vh, called the Hall voltage. Since E h balances the Lorenz, force, its value 

becomes

JB 1
E h = -------= RjiJB where R H = - —  (5.2)

-n q  nq

. '■ ■
  ________

InP Substrate
. . .. . •. V-i . . . . .  .. r... .f

Figure 5.15. Schematic of structure of InAlAs sample grown at 620
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Thus the Hall field is proportional to the product of the current density and the 
magnetic field. The proportionality constant Rh is known as the Hall coefficient:. 
Measurement of the Vh for a known test current and magnetic field can therefore be 
used to obtain the electron concentration of the sample since

1 JB IBn = --------- = —  = -------------------------  (5.3)
qRH qE qtVH

where t is the electrical thickness of the sample material.
If a measurement of the voltage V in the direction of the test current is made 

then the sample resistivity p can be calculated since

p = ------------------------------------  (5.4)
K L / Wt

where L is the distance between the voltage probes and w is the width of the test 
sample. The mobility can then be calculated simply from the ratio of the Hall 
coefficient and the resistivity

(5.5)
nqp p

Although this discussion has been related to n-type material, similar results can be 
obtained for p-type material, with the exception that the Hall voltage and Hall 
coefficient are negative. The Hall effect can thus be used to give the carrier type, 
and accurate values for both the carrier concentration and mobility of semiconductor 

materials.
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F igure 5.16. Schematic representation of a Hall experiment. Electrons (e ) are deflected by the 

Lorenz force until a counterbalancing voltage (Vpj) is established.

5.2.2 E xperim enta l

Hall mobilities and electron concentration characteristics were measured by 

the conventional van der Pauw2  2  method at 300K and 77K. The van der Pauvv 

four-contact technique is normally used for epitaxial films since it has the advantage 

of keeping the current lines away from the Hall contacts. A schematic diagram of 

the test structure used is given in Figure 5.17. The 'clover leaf' shape was defined 

by powder etching. The samples were then deoxidised in HC1:H2 0  1:1 and ohmic 

contacts were formed by annealing indium beads into the surface at ==420°C. The 

test current was passed through diametrically opposite pairs of contacts and V h was 

measured across the remaining contact pair. The resistivity was found by passing 

the current through an adjacent pair of contacts and measuring the voltage across the 

other adjacent pair. Measurement inaccuracies were minimised by taking appropriate 

averages of all possible contact combinations and by reversing the magnetic field. 

Depletion layer thicknesses at the surface and interface were calculated assuming a 

surface potential of 0.27eV.
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Figure 5.17. Schematic diagram of the test structure used to perform Hall measurements.

5.2.3 Ino.5 3 G ao.4 7 As Hall M obility Results

The measured Ino.53Gao.4 7 As mobilities as a function of carrier density at 
300K and 77K are shown in Figures 5.16 and 5.17 respectively. The 300K 
residual free carrier concentration was typically around 1 x 1015cm_3 with a mobility 
of around 8500cm2V_1 s '1. Typical 77K values were 7 x 1014cm"3 and 20000cm2V* 
1 s-1. The highest measured mobility was 8696cm2V_1 s' 1 at 300K and 47794cm2V' 
1 s_1 at 77K. These mobility values are significantly lower than the best reported 
values of 15200cm2V ^s-1 at 300K and 104000cm2V ^s-1 at 77K23.

No relationship between mobility and substrate temperature or As2  flux has 

been found. The measured mobility figures appear, in general, to be uncorrelated 
with the growth conditions used. It is also apparent from Figures 5.16 and 5.17 that 
the carrier density has little effect on the measured mobility, and there is 
considerable disagreement between the actual results and theoretical values given by 

Takeda24.

Powder Etched 
Region
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samples. The solid lines represent theoretical predictions by Takeda (Reference 24).
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samples. The solid lines represent theoretical predictions by Takeda (Reference 24).

The discrepancy is probably due to parallel conduction at the sample 

surface, or the substrate/layer interface, or both. Several authors have pointed out
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the existence of such effects in hetero-epitaxial films. It has, for example, been 
reported that films of InSb on GaAs change from n-type to p-type as the interface is 
approached and a two-dimensional electron gas (2DEG) has also been observed at 
such an interface25. Parallel conduction has also been measured in InAs epilayers 
grown on GaAs2 6  although it is not clear whether this is caused by the 
substrate/layer interface or the high concentration of surface states which is known 
to exist on InAs films. It will be shown in chapter 6  that a sheet charge density as 
h i g h  as  4 x l 0 1 1 c m ' 2 is p re sen t at n o m in a lly  undoped  
Ino.5 3Gao.4 7 As/Ino.52Alo.4 8 As interfaces and it is therefore reasonable to expect a 
similar effect at an InPZIno.53Gao.4 7 As interface. The existence of InAs segregation 
layers, demonstrated in this chapter may also contribute to parallel conduction.

This explanation for the low Ino.5 3 Gao.4 7 As mobilities obtained is 
supported by Hall measurements performed on two consecutive Ino.53Gao.4 7 As 
samples grown under exactly the same growth conditions but with different 
thicknesses. The Hall results for these samples, one 2p,m and the other 5|im thick, 
are given in Table 5.1.

Sample
Thickness

Oim)

y1 (300K) 
(c m 'V ^ * 1)

n (300K) 
(cm-3)

It (77K) 
(cm 'V ^s '1)

n (77K) 
(cm-3)

2 8612 5 .2 x  1015 21768 3 .2 x l0 15

5 9430 1.9x  1015 28389 l.O x lO 15

Table 5.1. Measured mobilities and carrier concentrations for two consecutive Ino.5 3 Gao.4 7 As 

epilayers.

The rise in measured mobility and drop in measured carrier concentration for the 
thicker of the two samples is consistent with parallel conduction.

5.2.4 Ino.5 2 A lo.4 8 As Hall M obility Results

It was not found possible to perform mobility m easurements on 
Iro.5 2 Alo.4 8 As samples grown under standard growth conditions. This was not 
unexpected since it has been found impossible to obtain mobility measurements 

from undoped AlGaAs grown in the same reactor. The presence of Al in the alloy 
increases the incorporation of impurities in the layer, which act as traps and 
suppress carrier transport. This occurs in AlGaAs layers even at substrate
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temperatures of =630°C so such problems were expected in Ino.5 2Alo.4 sAs layers 
which are grown at =530"C.

Mobility measurements were, however, successfully made on the sample 
grown at 620°C in the 'self-locking' regime. The measured mobility and carrier 
density values for this sample were 948cm2V '1s’1 and 2 .9 x l0 15cm ' 3 at 300K. 
These values are comparable with the best reported values in the literature.
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Chapter 6

Photoluminescence Properties of 
Ino.53Gao.47As/Ino.52Alo.48As Quantum

Wells

6.1 Introduction

In 0.53 Ga0.47 As/In0.52  A1 o.48 As quantum wells have important applications, 
in particular for devices operating at wavelengths from 1.65pm to 1.0pm which 
span the 1.3pm minimum dispersion and 1.55pm minimum loss windows of silica 
fibres.

Structural disorder and chemical impurities at the interfaces of quantum 
wells have a strong influence on the optical properties of the wells1 and can limit 
the performance of devices based on such structures2. It has been shown that 
variations in well thickness (Lz) can cause a broadening of the luminescence and a 

reduction in the efficiency of the wells. The growth conditions used for the 
production of quantum well optical devices should therefore be tailored to 
minimise the influence of interface effects on the device operation. A frequently 
used technique to obtain smooth interfaces is the addition of a growth interrupt3 ’4  

to increase the size of the island-like structures5 formed during MBE growth and 
hence improve the flatness of the interface. The advantage of increased interface 
smoothing using growth interrupts is, however, mitigated by enhanced trap and 
impurity incorporation. It would be preferable to obtain comparable interface 

quality by manipulating the growth parameters and hence avoiding the need to 

interrupt growth. This chapter discusses the influence of growth conditions on the 

quality of Ino.5 3 Gao.47 As/In 0.52 A1 o.48 As interfaces.

6.2 Experimental Procedures and Growth Conditions

All quoted wafer temperatures were measured with an Ircon series V 
optical pyrometer. Growth was performed on epi-ready semi-insulating (100)-InP 
substrates. Quarter wafer samples were indium mounted onto silicon wafers and 

then loaded into standard indium-free wafer holders.
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The quantum well samples were grown using dimeric arsenic. The samples 

typically contained 4 or 5 Ino.5 3 Gao.4 7 As single quantum wells separated by 200A 

thick Ino.5 2 Alo.4 8 As barriers. The quantum well thicknesses used varied between 

15 and 120A. The sample was capped with 100A of Ino.5 3 Gao.4 7 As to prevent 

oxidation of the Ino.5 2 Alo.4 8 As. A typical structure is shown in Figure 6.1.

100A InGaAs cap

          . _   _
~ ..............' ............ ' .... 20A
................................................. 401........................... ... ............ ........

0.5/<m AlIrtAs

I11P Substrate

------ ___

Figure 6.1. Schematic diagram (not to scale) of the structure of one of the single quantum 

well stmcUires grown.

6.3 Calibration of Incident Flux Densities

Calibration for the growth of Ino.5 3 Gao.4 7 As/Ino.5 2 Alo.4 8 As quantum wells 

is normally carried out using test structures which are examined by TEM6, SEM 7 

or PL1 to accurately determine the Ino.5 3 Gao.4 7 As growth rate. The 

Ino.5 3 Gao.4 7 As and Ino.5 2 Alo.4 8 As growth rates and compositions for this study 

were, in contrast, calibrated by RHEED intensity oscillations using the method 

previously described in Chapter 4. Before the commencement of growth, the 

growth rate of Ino.5 3 Gao.4 7 As was calibrated to a value of l.OO^m/hr and the 

In0 .5 2 Alo.4 8 As to a value of 1.023/<m/hr. The desired well and barrier thicknesses 

were obtained by controlling the timing of the shutter operations based on these 

growth rates. It should be noted that no attempt was made to restrict the thickness 

of the wells to an integral number of monolayers: the target well thicknesses were 

arbitrarily chosen to provide a spread of well confinement energies. Substrate 

temperatures were kept constant throughout the growth of the structures and the
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arsenic flux was, unless otherwise stated, kept close to the minimum value for 
growth of Ino.5 3 Gao.47 As without indium droplet formation on the surface. The 
method for determ ining the minimum flux necessary for each substrate 
temperature is as described in Chapter 4. A summary of the growth conditions for 
four samples used in this study is given in Table 6.1.

Sample No. Well Widths (A) Growth Temperature As2  Flux

#B290 120, 80, 40, 20 515°C minimum

#B291 1 2 0 , 80,40, 2 0 525°C minimum

#B227 120, 80, 40, 20 525°C 2  x minimum

#B303 80, 60, 40, 20, 15 535°C minimum

Table 6.1. Well widths, substrate temperatures and arsenic flux densities for the four samples used 

in this study.

6.4 Substrate Temperature Dependence

Three samples were grown with substrate temperatures of 515°C, 525°C 
and 535°C with the arsenic flux in each case set to the minimum value consistent 
with good morphology. Sample #B290 was grown at 515°C, which was the lowest 
of the three growth temperatures used.

o<N

OO

0.800 1.000 1.200 1.400
Energy (eV)

Figure 6.2. 9K PL spectrum for sample #B290.
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The photoluminescence (PL) spectrum obtained for this sample is given in 
Figure 6.2. The spectrum of sample #B290 shows the presence of all of the wells, 
however the linewidths and the luminescence intensities are poor in comparison to 
those found in the literature. The linewidths of the peaks in the spectrum of #B290 
are shown as a function of well width in Figure 6.3.

6 0 -

>o
6

Broadening due to sheet carrier 
density of 4 x lO ^cm ' 2

4 0 -

20 -

Broadening due to 3.9A 
variation in QW thickness.

0 25 75 100 12550

Well Thickness (A)

Figure 6.3. Linewidth as a function of well width for sample #B290 (which was 

grown with minimum arsenic flux at a substrate temperature of 515°C).

Welch et a l 8 have shown that the dominant broadening mechanisms of the 

photoluminescence linewidth of Ino.5 3 Gao.4 7 As/Ino.5 2 Alo.4 8 As quantum wells 

are

(a) Variations in the well thickness.
(b) Band filling due to high carrier concentrations within the quantum well 

produced by unintentional donors in the In 0.52  Al 0.48 As.
(c) Structural defects at the interface.
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Thickness variations of lateral extent less than the in-plane Bohr radius of 
the exciton cause broadening of PL linewidths which can be calculated from9»10 :-

(6.1)

The change in emission energy as a function of well width is larger for thin 
wells than thick wells, so the value of AE increases as the well width decreases 
for a constant variation in well thickness. The experimental results for #B290 give

entirely due to thickness variations. The theoretical curve for a thickness variation 
of 3.9A is shown in Figure 6.3. For wells larger than 20A, the linewidths obtained 

experimentally are markedly larger than those predicted by the curve, suggesting 
that the dominant broadening method is unlikely to be changes in well thickness.

PL linewidths of In 0.53 Ga0.47  As/In0.52  Alo.48 As quantum well structures 
can also be broadened by the transfer of electrons produced by deep donors in the 
In 0.52  Al o.48 As, which have an ionisation energy less than the conduction band 

d iscontinuity  at the Ino.53Gao.47As/Ino.52 Alo.48 As in terface, from the 
In0 .5 2 Alo.48 As into the In0 .5 3 Ga0 .4 7 As wells. The extra carriers fill up the 
available states so that the Fermi level is well above the conduction band 
minimum of the Ino.5 3 Gao.4 7 As. This band-filling allows electrons from a range 
of energies in the conduction band to recombine, producing a broadening of the 
linewidth.

The energy spread in the PL spectrum ( AE) produced by this effect is 
given by 11 :-

effective mass, Ee is the energy of the electron relative to the conduction band 

edge, and Lz is the well thickness.

In 0.53 Ga 0.47 As/In 0.52 AIq.48 As interface. Griem et al 13  have measured a similar

In 0.53 Ga0.47 As/In0.52 Alo.48 As HEMT structures. A slightly smaller value of 
2 x  lO ^cm -2 was measured by Welch et al for a SQW structure. The theoretically 
calculated variation in linewidth caused by a sheet carrier concentration of

a linewidth of 54meV for the 2 0 A well, corresponding to a variation of 3.9A if

AE (6.2)

♦
where ns is the sheet carrier concentration at the interface, me is the electron

People et a l 12 have measured a sheet charge density of 4 x  lO ^cm -2 at the

value  for the m inim um  p o ssib le  sh ee t c a rrie r  density  o f
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4 x  lO ^cm -2  is shown as a function of well width in Figure 6.3 and the theoretical 
line is in reasonably good agreement with the experimental data.

Samples #B291 and #B303 were grown at substrate temperatures of 525°C 
and 535°C respectively. The luminescence intensity of the samples was found to 
increase significantly as the growth temperature was increased as shown in Figure 
6.4. The maximum intensity for sample #B303, grown at 535°C, was an order of 
magnitude larger than that measured for #B290 grown at 515°C.

C/3c
B
£
<DOG<DO
C/3D
.s
6GJ

5 525

Substrate Temperature (°C)

Figure 6.4. Maximum luminescence intensity as a function of growth temperature.

Figure 6.5 shows the PL spectra for #B290, #B291 and #B303. The 
vertical scale on this figure has been kept constant to allow comparison of the 

luminescence intensity between samples. There is a very clear improvement in the 
linewidths and intensities of the well luminescence as the substrate temperature is 
increased above 515"C.
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#B303 T*=535°C
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1.2 1.40.8 1

Energy (eV)

Figure 6.5. PL spectra for #B290, #B291 and #B303. The same vertical scale has been used in 

each case.

The linewidth as a function of well width for sample #B291 and #B303 is 

shown in Figure 6 .6 . Linewidth broadening due to a sheet charge density of 

1 x  lO ^cm -2  gives a reasonable fit to the experimental data. This is much lower 
than the value of 4 x lO ^cm -2  obtained for #B290, and it agrees well with Hall 

m easurem ents made at nom inally undoped In 0.53 Ga 0.47 As/In 0.52  Alo.48 As 
interfaces for material grown at a substrate temperature of 535°C.
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Figure 6 .6 . Linewidth as a function of well width for samples B291 and B303, w hich were grown 

with minimum arsenic flux at substrate temperatures of 525 C and 535 C respectively.

The luminescence of the 20A wells from samples #B291 and #B293 clearly 

shows two distinct peaks. The peak associated with the 20A well of sample #B293 

is shown in Figure 6.7.

Theoretical calculations show that the energy of the main peak 

corresponds to a well thickness of 20.7A and that the spacing between this peak 

and the second smaller peak corresponds to a thickness difference of exactly one 

monolayer. This suggests that the peak splitting is due to small variations in the 

well thickness. Broadly speaking, such variations fall into two categories

(a) Microroughness which occurs on an atomic scale much smaller than 

the free-exciton Bohr radius.

(b) extended monolayer Hat islands which are larger than the free-exciton 

Bohr radius.
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Figure 6.7. Photoluminescence spectrum for the nominally 20A well of sample #B291. The main 

peak in fact corresponds to a well thickness of 20.7A. The secondary peak corresponds to a well 

thickness of 23.6A - exactly one monolayer wider than the main peak

A recombining exciton is relatively insensitive to microroughness and emits a 
photon with an energy corresponding to the width of the quantum well averaged 
over several exciton diameters14. This averaging effect means that the energy of 
the emitted photon is not constrained to a value produced by a well width 
corresponding to an integral number of monolayers. For the case of extended 
monolayer flat islands, an exciton can be considered as being confined to an area 
of discrete quantum well thickness. This can result in ’monolayer splitting’ in the 
luminescence spectrum. Figure 6 .8  shows schematically the effects of monolayer 

thickness vibrations on the photoluminescence spectra. The spectra of sample 
#B293 and #B303 have two peaks associated with the well nominally 2 0 A thick, 
indicating that the monolayer flat islands are restricted to only one of the 
interfaces. This is most likely to be the upper of the two interfaces, where there is 
a transition from the growth of In 0.53 Ga0.47 As to the growth of Ino.5 2 Alo.48 As.
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Schematic of Well Interfaces

a)
AlIiiAs

24^ InGaAs

b)
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Figure 6 . 8  - Effect of interface disorder on the PL spectrum of single quantum wells.
a) Microroughness at both interfaces produces a single broad peak since the scale of the interface 

roughness is much smaller than the Bohr radius of the exciton. The linwidth is increased by 
thickness variations within the area of the exciton.
b) Extended monolayer flat islands at both interfaces produces 3 discrete peaks associated with 
well thickness differences of ± 1 monolayer. The size of individual islands is greater than the 
lateral dimensions of the exciton. This results in very narrow' linewidths.
c) A combination of nncroroughness and extended monolayer Bat islands produces 2 discrete 
peaks with linewidths intermediate betw een those of examples a) and b)

124



The relatively low surface mobility of Al adatoms on the growth surface means 
that the growth of In 0.52 Alo.48 As is likely to become distributed over several 
monolayers producing a rough interface at the first well interface. This effect has 
been seen in the GaAs/AlGaAs system15 where the first interface, switching from 
the growth of AlGaAs to GaAs has been shown to be much poorer than the 
second, GaAs to AlGaAs, interface.

The lateral size of the exciton in a quantum well varies as the inverse of 
the exciton binding energy Ex16. Calculations by Thoai et a l 17  have shown that 

the exciton binding energy in In 0.53 Gao.47 As/In0.52  Alo.48 As quantum wells goes 
through a maximum at a well thickness of =10A as shown in Figure 6.9.
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Figure 6.9 Exciton binding energy vs quantum well width for heavy holes in 

Ino.5 3 Gao.4 7 As/Ino.5 2 Alo . 4 8  As quantum wells (from Reference 11)

This maximum should therefore represent the minimum exciton size in the 
plane of the well. The PL spectrum of #B303 does not, however, show the 
presence of monolayer splitting in the luminescence from the 15A well, 
suggesting that the actual maximum binding energy may occur closer to a well 

thickness of 20A. The binding energy for a 20A well can be used to calculate the 
Bohr radius of the 2D exciton, from which an estimate of =180A can be made for 

the average island size at the Ino.5 3 Gao.4 7 As/Ino.5 2 Alo.4 8 As interface for growth 

with minimum arsenic overpressure at a substrate temperature of 525°C.
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6.5 Effect of Arsenic Overpressure

Sample #B227 was grown using the same growth conditions as #B291 but with an 
arsenic pressure of twice the minimum necessary to suppress In droplet formation. 
The photoluminescence spectrum of B227 is shown, together with B291 for 
comparison, in Figure 6.10. The monolayer splitting present in the sample B291, 
grown using the minimum possible arsenic pressure, is not present when the 
arsenic flux density is doubled. This is probably due to a reduction in the surface 
mobilty of the group III species, which shrinks the average size of the monolayer 
islands at the interface.

The linewidths of the individual peaks in the spectrum of sample #B227 
are similar to those obtained for #B291 and #B303. The intensity of the 
photoluminescence peaks of sample #B227 is approximately half that of #B291. 
This suggests that an improvement in interface quality is obtained by using the 
minimum As2  overpressure.

f a
a #B227

#B291

0.800 0.900 1.000 1.100 1.200
Energy (eV)

Figure 6 . 1 0 . Photoluminescence spectra o f #B227 and #B291. The 

vertical scale has been kept constant for both samples.
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6.6 Comparison of Experim ental Peak Energies with Theoretical Predictions

The values shown in Table 6.2 (taken from Kopf et al 18 and modified to 

take into account non-parabolicity19 in the well) were used in iterative software 

based on the model of Kawai et al 2 0  to calculate the conduction and valence band 

confinement energies for Ino.5 3 Gao.4 7 As quantum wells in Ino 5 2 AI0 .4 8 AS.

Eg (eV)
%

m„ / m 0
%

n ip / m 0 AE qI AEg AEy/AEg

0.792 0.0427 0.41 0.65 0.35

Table 6.2. Parameters used in the calculation of QW confinement energies.

Figure 6 .1 1 shows a comparison of the theoretically predicted energies 

with those obtained experimentally.
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Figure 6.11. Comparison of measured peak energies for the quantum wells in sample #B227, 

#B290, #B291 and //B303 w ith theoretical calculations based on Kawai.

The measured confinement energies are, in general, close to the 

theoretically predicted values. There is, in particular, very good agreement 

between the predicted and experimental results for sample #B291 and #B303,

B303
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B290

B227

Theory
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which had the most intense photoluminescence output and monolayer splitting on 

the 20A well peak.
The well thicknesses calculated from the confinement energies measured 

for sample #B303 are shown in Table 6.3. The difference between the target and 
calculated thickness is very small for all of the wells. The well widths calculated 
from the measured PL energies are in every case within one monolayer of the 

target widths.

Target 
Thickness (A)

Calculated 
Thickness (A)

Error

(A)
Error

(monolayers)

80 78.6 1.4 0.48

60 59.5 0.5 0.17

40 41.5 1.5 0.51

2 0 2 1 . 1 1.1 0.37

15 16 1 0.34

Table 6.3. Well thicknesses calculated from measured confinement energies for sample #B303. 

6.7 Conclusions

High quality In0.53 Ga0.47 As/In0.52 Alo.48 As quantum well structures have 
been grown with PL linewidths comparable to the best reported in the literature. 
RHEED oscillations were used to calibrate the group III fluxes and obtain the 
desired alloy compositions, growth rates and thicknesses. Comparison of 
measured peak energies with theoretical predictions has shown that the well 

thicknesses obtained agree very well with the target thicknesses.
Samples grown at temperatures of 525°C and 535°C, using the minimum 

arsenic overpressure, clearly show the presence of monolayer splitting in the PL 

spectra in 20A wide wells, indicating that smooth interfaces have been obtained 
without the need to interrupt growth. The use of a high arsenic overpressure 
lowers the surface mobility of the group III species and causes a reduction in the 
average island size at the interface, which can result in the disappearance of the 
monolayer splitting in the PL spectrum. The exciton binding energy for a 20A 
well gives an estim ate of -180A  for the average island size at an 
In0.53 Ga0.47 As/In0.52  Alo.48 As interface grown at 525°C with minimum arsenic 

overpressure.
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Band filling due to charge transfer from residual donors in the 
In0.52 Alo.48 As has been found to be the dominant broadening mechanism of the 
PL linewidths from the quantum well samples grown at lower substrate 
temperatures but the linewidth can be reduced by increasing the substrate 
temperature during growth. This improves the quality of the Ino.5 2 Alo.4 8 As and 
causes a drop in the sheet charge density at the interface. The linewidth of the 
samples still appears to be controlled by the quality of the In0.52  Alo.48 As and the 

roughness of the first In 0.52  Alo.48 As /In 0.53 Ga 0.47 As interface of each well.
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Chapter 7

Quantum Transport Measurements on Si 
3- and Slab-doped Ino 53Gao.47As Grown

by MBE

7.1 Introduction

The technique of delta(3)-doping is performed by interrupting the growth 
of a semiconductor material to allow the deposition of dopant impurities onto the 
exposed surface. Growth is then recommenced, with the aim of confining the 
impurities to the doping plane. Ideally, this should result in a delta-function-like 
dopant distribution, although in practice this is not obtained. It is, nevertheless, 
this ideal distribution which gives the technique gets its name.

3-doping, also called planar- or spike-doping, was first used by B ass1 to 
produce dopant spikes at substrate/layer interfaces grown by MOCVD. It was 
subsequently investigated by Wood et al 2 as a means of achieving abrupt Ge 
doping profiles for MBE-grown GaAs. Growth interrupts were used to produce 
doping in parallel atomic planes in order to synthesise uniform or complex doping 
profiles without the need to change the Ge furnace temperature. The initial belief 
that it would be possible to achieve equivalent bulk doping densities very much 

greater than those obtainable by conventional doping methods proved to be 
difficult to achieve in practice due to saturation effects3’4 which lim it the 
realisable 2 -dimensional doping density.

The properties of 3 -doped GaAs structures have attracted interest from 
researchers with a number of different interests. In particular, much work on the 
low temperature magneto transport characteristics of such material5 has been 
carried out, and the free-electron concentrations and mobilities of individual 
sub-bands have been examined using Shubnikov-de Haas (SdH) and persistent 
photoconductivity measurements.

Applications for 3-doping have been investigated by several authors, and 
current applications include non-alloyed ohmic contacts6, 3-doped field effect 

transistors (3-FETs)7, and doping of modulation doped GaAs/AlxG ai_xAs
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heterojunctions in the form of 3-planes in the AlxGai-xAs8*9’10. The use of 
3-doping in GaAs/A lxG ai-xAs high electron mobility transistor (HEMT) 

structures has been shown to result in an increase in the mobility of the 
two-dim ensional electron gas (2DEG) produced at the channel/spacer 
heterointerface, particularly in shallow HEMTs. This is thought to be due to two 
factors: -

a) The use of 3 -doping allows the spatial separation of the dopant intended 
to produce carriers in the 2DEG, and the dopant intended to reduce 
surface depletion; thereby reducing the scattering in the 2DEG11.

b) The conduction band well formed by the 3-doping confines a proportion 
of the free carriers and produces a screening effect which reduces the 
scattering caused by ionised dopant atoms12.

There has as yet been little reported work on the properties of 3-doped 
In 0.53  Ga 0.47  As, and what information there is13, has not been supported by 
theoretical calculations which are essential if a comprehensive picture of dopant 
behaviour is to be built up. This chapter presents the results of quantum transport 
measurements performed on a series of MBE grown Ino.5 3 Gao.4 7 As samples, 
either 3-doped with Si or with the Si impurities distributed uniformly through thin 
'slabs' of Ino.5 3 Gao.4 7 As.

7.2 High Field Magneto-Transport in 2 Dimensions

As in the 3D case, the application of an electric field E parallel to a 2DEG 
causes electrons to be accelerated parallel to the applied field until the velocity 
reaches a steady state. The addition of a magnetic field perpendicular to the plane 
of the 2DEG produces a Lorentz force perpendicular to both the direction of 
electron motion and the magnetic field, which results in the electrons describing 
circles at a constant frequency, known as the cyclotron frequency coc , which is

given by:-

m

♦
where m is the electron effective mass, q is the charge on an electron, and B is 
the applied magnetic field.
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For the ideal case, with no scattering, the central point around which the 

orbits are rotating drifts in a direction perpendicular to the E-field with a constant 

velocity given by:-

This effect is a consequence of acceleration of the electrons by the E-field being 

deflected into a direction parallel to the B-field by the Lorentz force. A schematic 

illustration of this motion is given in Figure 7.1.

J =
qnE
I T

Figure 7.1. Motion of carriers in a 2D electron system with crossed magnetic (B) and electric (E) 

fields. W hile rotating, the carriers drift in a direction normal to both B and E, giving rise to a 

current density J=qnE/B (from reference 15)

The current parallel to the E-field is therefore zero and the resistivity p xx 

defining the electric field strength along the current path also becomes zero since 

there is no E-field component in the direction of the current How i.e.

Pxx = 0 (7.3)

The current density in a direction parallel to the B-field is given by: 

qnE
J = q/iup =

B
(7.4)

where n is the carrier density per unit area. The Hall resistivity p xy which relates 

E and J is therefore given by:-
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B
Pxy = ----J nq

(7.5)

This makes the ideal 2D system rather surprising since the values of pxx

realistic system scattering takes place and the value of pxx will generally be 

expected to be non-zero. Under certain conditions, however, quantisation of the 

allowed orbits in a 2D system can produce conditions where scattering events are 

disallowed, and the behaviour resembles the ideal case.
In high magnetic fields, only a discrete set of orbits with well defined 

energies are available for an electron to occupy. The allowed radii, known as 
Landau radii, are given by

where / is an integer with values 1, 2, 3 ,. . .  and the energy for each Landau level 
is given by

Individual Landau levels are thus separated by a characteristic energy, 
h(Oc . An electron encountering a defect can only scatter into a new Landau level if 
the energy exchange of the scattering event is a multiple of ftcoc. At low 
temperatures and high magnetic fields, the value of /icoc is very much larger than 

kT and scattering between Landau levels is forbidden. In these circumstances only 
elastic scattering events within the same Landau level are permitted and these are 
limited by the availability of empty orbits in the same level. The electrons must 
obey the Pauli exclusion principle, which restricts the number of electrons to the 
degeneracy of each Landau level. The maximum density of electrons in any 

Landau level, s, is therefore given by

and pxy relate an electric field with a current which flows perpendicular to it. In a

(7.6)

(7.7)

qB 
s = -2— (7.8)

h
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Total suppression of scattering occurs when all the available states of 
occupied carriers are filled and all higher energy Landau levels are empty. This is 
obtained when the Fermi level is between two Landau levels, leading to a 
vanishing electrical resistivity, pxx. The oscillatory behaviour of the electrical 

resistance with reciprocal magnetic field, produced by the Fermi level crossing 
individual Landau levels, is known as the Shubnikov-de Haas 14 (SdH) effect. The 
periodicity of SdH oscillations can be used to give the carrier density in a 2DEG, 
although, in the case of multiple sub-band occupancy, each sub-band gives rise to 
a separate series with its own periodicity and Fourier techniques must be used to 

determine the fundamental fields of the different series.
The total electron concentration at the vanishing point of pxx. is the 

product of the number of filled Landau levels and the degeneracy of the occupied
Landau levels which is given by equation 7.8. Thus :-

n = ! f  (7-9)
h

The Hall resistivity, pxy, is therefore independent of the magnetic field at this 
point and the pxy, vs B curve forms plateaux with values given by :-

P x y = A  (7-10)
/q

This is known as the quantum Hall e ffect15 (QHE).

7.3 Experimental

7.3.1 Sample Preparation & Growth Conditions

Quarter wafer samples of InP were indium bonded to silicon wafers, which 

were then mounted into standard spring loaded wafer holders. Si wafers were used 
in preference to the solid molybdenum blocks since better temperature 

controllability and uniformity were obtained. The heater stage temperature 
measured by a thermocouple gave a temperature reading very close to the sample 
temperature measured by an optical pyrometer, eliminating the possibility of large 
temperature differences across the sample caused by variations in the thermal 
contact between the substrate and the block. De-oxidation of the substrates was 
performed in the MBE buffer chamber by heating the samples to 400°C for a 

period of several hours. The RHEED diffraction pattern substrates showed the
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presence of surface reconstruction on transfer of the wafers to the growth 

chamber.

To achieve consistent results, the layers used in this study were grown 

under a standardised set of growth conditions at a substrate temperature of 525°C 

and an As2 flux density of twice the minimum value needed to suppress droplet 

formation at this tem perature16. The In and Ga fluxes were set from RHEED 

intensity oscillations on InAs and GaAs substrates respectively17, and periodically 

checked to confirm growth of Ino.5 3 Gau.4 7 As on InP at l.O/^m/hr. These 

procedures ensured the complete incorporation of the incident In flux and the 

growth of layers which were lattice matched to the InP substrate to within 

±150ppm. It has been shown that even small amounts of mismatch can 

significantly influence the surface o f the sample during growth, therefore precise 

compositional control is vital if reproducible results are to be obtained.

7.3.2 Sample S tructures

Tw o types of test sample were grown; slab- and d-doped. The structure of 

both types was similar: 0.5|/m  of Ino 5 3 Gao.4 7 As was grown, followed by the d- or 

slab doped layer, and a final 0.5/un of Ino.5 3 Gao.4 7 As on top (see Figure 7.2).

d- or

Figure 7.2. Stmcture of test samples used for this study

The silicon cell was calibrated using low-field Hall measurements of the 

carrier density in a series of Ino.5 3 Gao.4 7 As layers uniformly doped with Si. A 

least squares fit to the data was then used to calculate the furnace temperature 

necessary to give the desired doping density for the growth of slab-doped layers 

at 1.0^m/hr. The slabs were doped with a constant number of Si atoms, 

corresponding to a sheet concentration of 5x  1012c n r 2. All of the d-doped 

structures were grown with a Si-cell temperature corresponding to a bulk doping 

level of 1 x 1018cm -3  for growth at 1.0/<m/hr. The only difference between each d- 

doped sample was therefore the duration of the growth interrupt used to perform

MBBH

----------

0.5wm InGaAs

mmm m Wmm ' ' - - - V

O.Sptm InGaAs

slab-doping
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the 3 -doping. The 3-doping was performed at the growth temperature of 525°C 

with the As2 shutter open to stabilise the surface.

7.4 Magnetotransport Measurements

Quantum transport measurements were performed on Hall bars defined by
photolithography. Standard a.c. techniques were used at a temperature of 1.2K,
with magnetic fields up to 13T and typical bias currents of 10-lOOnA. The high

quality of the 3 -doped layers grown for this study is demonstrated by the
observation of the quantum Hall effect (QHE) in the samples. Figure 7.3 shows 
pxx and pxy as a function of applied magnetic field for a 3-doped sample with a
free electron density of 1.45 x l 0 12cm-2. The pxy curve contains a clear 1=6

plateau, suggesting that additional plateaux would be seen at higher magnetic
fields. The smaller plateau at a magnetic field of =6.5T does not correspond to an 
integer pxy plateau. A similar effect has been observed in magnetotransport

measurements performed on Ino.5 3 Gao.4 7 As/InP18  heterojunctions and has been 
attributed to interaction between occupied sub-bands.

6000

Pxy5000

xx
S  4000
<Doc
.1 3000

c /3<D

2000

1000

0 105

Magnetic Field (T)

Figure 7.3. Shubnikov-de Haas and quantum Hall effect curves for high mobility 3-doped 

Ino.5 3Gao.4 7 As with a measured n s= 2 X 1012cm'2.

Figure 7.4 shows a comparison between SdH oscillations taken in the dark 

and those taken after illumination. The change in individual sub-band densities
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after illumination is negligible, indicating little or no persistent photoconductivity 
associated with deep states.

550

500-

a 45 0 -
Pp

C/5 400

350-
Dark

After Illumination

300
0 5 10

Magnetic Field (T)

Figure 7.4. Shubnikov-de Haas oscillations before and after illumination for a 30ML thick 

slab-doped InGaAs sample with intended n s=5 X l() l2 cm ' 2  ^id measured ns =4.03 X lO^cm"2 . 

The individual sub-band densities show negligible change after illumination.

Individual sub-band densities deduced from fast Fourier transform (FFT) analysis 
of SdH data for a representative set of 0-doped Ino.5 3 Gao.4 7 As samples with 
design doping densities of 2 x l 0 1 2 cm"2, 3 x l 0 1 2 cm '2, 1 .5 x l0 1 3 cm -2  and 
5 x  1012 cm -2  are shown in Table 7.1 together with data for a 20ML slab-doped 
sample.
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3-doped Slab-doped

Subband
Index

2x 1 0 12 

(cm-2)
3 x l0 12
(cm-2)

5x 1012 
(cm-2)

1.5x1013
(cm-2)

5 xlO12 
20ML

i=0 0.89 xlO12 1.15X1012 1.60xl0l2 7.62x1011 2.04 xlO 12
i=l 0.36 xlO12 0.56 xlO12 0.81 xlO l2 4.72x1011 1.07 xlO12
i=2 0.15X1012 0.25 xlO12 0.36 xlO 12 2.65x1011 0.52 xlO12
i=3 0.04 xlO12 0.09 xlO 12 0.14X1012 - 0.24 xlO12
i=4 - - - - 0.08 xlO12

I f l i 1.45 xlO12 2.05 xlO*2 2.89 xlO12 1.5xl012 3.95 x 1012
ni=o/ni=l 2.47 2.05 1.97 1.61 1.90

Table 7.1 Measured sub-band carrier densities for Ino.5 3 Gao.4 7 As 3 -doped samples with design 

doping densities of 5 X l 0 1 2 cm'2,4 X 10 1 2 cm'2, 3 X 1 0 1 2 cm'2, 2 X l 0 1 2 cm' 2  1 . 5 X l 0 1 3 cm' 2  and a 

20ML slab with Si atoms equivalent to a density of 5 X 10 1 2 an -2.

For all the d -doped samples the measured free electron concentration Ne is 
consistently smaller than the design dopant density N j and the difference between 
the two figures increases as the design dopant density is increased. The activity of 
the Si dopant in the samples is given in Table 7.2.

Design Doping Density 
(x 1 0 12cm '2)

Measured Carrier 
Density 

(x 1 0 12cm -2)

Ratio of Free Electrons to 
Dopant Atoms (%)

2 1.45 72.3

3 2.05 68.3

5 2.91 58.2

15 1.5 1 0

5 (20ML) 3.95 79.0

Table 7.2. Activity of Si as Donors in 3- and slab-doped Ino.5 3 Gao. 4 7  As.

For Nd=2 x 1012 cm -2  the ratio between the measured carriers and the 
supplied Si atoms varies is 72.5%, which falls to 10% for Nd=1.5 x lO 13 cm-2. A 
graph of measured doping density as a function of design doping density is given 
in Figure 7.5.
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Figure 7.5. Measured doping density vs design doping density for d -doped Ino.5 3Gao.4 7As.

The measured doping density decreases for N j > 5 x l 0 1 2 c n r2. This 
behaviour is consistent with increasing amphoteric behaviour as the volume 
density of Si is increased and suggests that the amphoteric limit for d -doping is 
=3 x 1012 cm-2. The proportion of activated donors for a design doping density of 
5 x  1012 cm -2  is 57.8%, however this rises to 79.0% when a similar number of Si 
atoms are distributed through a 20ML slab. The FFT power spectra for the 
5 x  1012cm _2 0-doped and 20ML slab doped samples are given in Figure 7.6.
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Figure 7.6. FFT power spectra for a) a 5 X lO^cm '^ 3-doped sample and b) a 20ML slab-doped

sample.

The shift to higher fundamental field values for all of the FFT peaks in the slab 

indicates an increase in carrier population for each of the individual sub-bands. 
There is also an additional i=4 sub-band present when the Si is distributed 
throughout 20ML. This is consistent with a decrease in amphoteric behaviour 
when the Si is deposited during growth of a thin slab.

The ratio between the densities in the first two subbands of Table 7.1, 
when compared with theoretical predictions, gives an effective measure of the 
spreading of the Si atoms away from the doping plane. A comparison between 
measured sub-band densities for the 2 x l 0 12cm _2 sample and those calculated 
self-consistently19  assuming a uniform Si spreading of 2ML, 34ML and 38ML is 
given in Table 7.3.
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Subband
Index

Measured 
Density 

(x  1 0 12cm '2)

Theoretical 
Density for 
2ML spread 
( x l 0 12cm-2)

Theoretical 
Density for 

34ML spread 
( x l 0 12cm '2)

Theoretical 
Density for 

38ML spread 
( x l 0 12c n r2)

i= 0 0.89 0.946 0.900 0.887

i= l 0.36 0.330 0.364 0.367

i= 2 0.15 0.137 0.142 0.142

i=3 0.05 0.040 0.045 0.046

i=4 - 0.007 0.008 0.008

ni=0 /ni=
0

2.472 2.870 2.471 2.415

Table 7.3. Comparison between measured subband populations for design dopant density of 

2 X  1012cm‘2 and theoretical subband populations for a dopant density of 1.45 X  1012cm'2 with a

spreading of 2ML, 34ML and 38ML.

The ratio between the carrier densities for the calculation assuming a spreading of 
34ML sample is in good agreement with the experimental measurements, 
indicating that the Si donors are distributed through ~ 1 0 0 A. In Table 7.4 the 
estim ated spreading for design 3-doping densities of 2 x l 0 12cm *2  and 
5 x  1012cm -2 are compared with the estimated spreading for the nominally 20ML 
slab-doped sample.

Design Doping Density 
(x  1 0 12cm -2)

Estimated Spreading 
(ML)

2 34

5 47

5 (20ML) 40

Table 7.4. Estimated spreading for 3-doped samples with of 2 X  10^2cm'2 and, together with the 

estimated spreading for a nominally 20ML thick slab doped sample with an equivalent N(j of

5 X  10^2cm"2.
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7.5 Conclusions

A series of high quality Si-3-doped Ino.5 3 Gao.47 As layers has been grown 
by MBE and a systematic study of the magnetotransport properties of such layers 
has been undertaken for the first time. The electron gas formed at the doping plane 
has been shown to be quantised into discrete sub-bands with carrier densities 
which correlate very well with predictions based on self-consistent calculations. 
The quality of the layers is illustrated by the observation of quantum Hall plateaux 
for3-doped samples with free electron concentrations of «1.45 x  1012cm -2.

The measured free electron concentrations for 3-doped layers do not 
correlate well with the design doping density of the samples. The discrepancy 
increases as the design doping density is increased and, at a design doping density 
of 1.5 x 1013cm ‘2’ only 10% of the intended doping is obtained. This increasingly 
amphoteric behaviour limits the realisable sheet carrier concentration to 
~3 x  1012cm -2  at a design doping density of 5 x 1012cm '2.

Comparison between measured sub-band densities and self-consistent 
calculations for 3-doped samples have shown that the decrease in activity of the Si 
as donors with increasing doping density is accompanied by increased spreading 
away from the original doping plane. Distributing Si atoms uniformly through a 
thin slab doped layer results in an increase in the carrier density in each of the 
individual sub-bands, and hence a rise in the activity of the Si. In addition the 
estimated spreading for the slab-doped sample is comparable to that for 3-doping, 
suggesting that thin slab-doped layers are the more efficient method of generating 
high carrier densities in In 0.53 Ga0.47  As.
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Chapter 8 

Growth of Device Structures

8.1 Introduction

The growth of device structures by MBE requires an appreciation of the 

constraints of the technique and the limits imposed by the physical properties of 
the MBE system used. The design of any device must take into account the 
practical aspects involved in its growth, and should be tailored to suit the 
configuration of the MBE reactor. It is also necessary to consider the influence of 
growth and structural characteristics on the behaviour of the completed device, 
and to attempt to optimise the device performance by adjusting the growth 
parameters. This chapter presents MBE growth details and characterisation data 
for two examples of device structures, and shows how the problems associated 
with their growth have been overcome.

The first section deals with the growth of lattice-matched HEMTs and 
demonstrates that information gained from the fundamental studies of the 
preceding chapters can be usefully employed for the growth of actual devices. The 
second example illustrates that the RHEED calibration approach used for the 
growth of lattice matched InGaAs and InAlAs can also be used for the growth of 
strained structures, in this case a strain-balanced self electro-optic effect device1 

(SEED) structure.

8.2 HEMT Structures

8.2.1 Introduction

HEMTs based on the InGaAs/AlInAs system have demonstrated the 
lowest noise figure 2»3 ’4  and the best high frequency response5 ’6  of any transistor. 

Such devices, with useful gain above 100GHz, are of interest for sensing systems 
in a variety of terrestrial and space applications7  such as high resolution radar, and 

collision detectors. This section describes the growth of HEMT structures and 

presents characterisation data for devices fabricated by the nanoelectronics group 

at the University of Glasgow.
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8.2.2 MBE G rowth of HEM T structures

The structure of an existing HEMT wafer grown by MOCVD (at EPI Ltd.) 

was duplicated to allow the two wafers to be processed in tandem and provide a 

comparison between the behaviour of MBE and MOCVD material. The structure 

used for the growth of this sample (#B299) is shown in Figure 8 .1.

:— T

20nm InGaAs

Figure 8.1. Schematic diagram of the structure of sample #B299.

A subsequent sample (#B354) was grown with a modified buffer layer. 

The structure of this sample is given in Figure 8.2.

InAIAs
I P  V  ■:

m m :Fe-doped InP Substrate

Figure 8.2. Schematic diagram of the structure of sample #B354.
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Similar growth conditions were used for both sample #B299 and #B354. 
Group III flux calibration prior to growth was carried out using the technique 

described in Chapter 4. The temperature of the In furnace was adjusted to give an 
InAs growth rate on InAs of 0.625|im/hr and the temperatures of the Ga and A1 
furnaces were adjusted to give GaAs and AlAs growth rates on GaAs of

0.422|im /hr and 0.441|im/hr respectively. These values gave a growth rate for 
In0 .5 3 Ga0 .4 7 As on InP of 1.00|im/hr and an Ino.5 2 Alo.4 8 As growth rate of 
1.023(im/h. The structures were grown on (lOO)-orientated Fe-doped InP 
substrates mounted onto sapphire backed wafer holders. This method of mounting 
was found to produce a less uniform temperature distribution across the substrate 
than indium mounting, and gave a centre-to-edge variation of 10°C. The use of 
In-mounting was however incompatible with device fabrication involving e-beam 
patterning which requires a smooth back surface to prevent sample misalignment.

Oxide desorption was performed in the system buffer chamber, using the 
method discussed in Chapter 5. The samples were heated to a temperature of 
375°C for a period of several hours. On transfer to the growth chamber the surface 
reconstruction observed by RHEED did not show the presence of a surface oxide 
layer.

The highest quality interfaces in the quantum well study of Chapter 6  were 
obtained at substrate temperatures of 535°C with the minimum As2 overpressure 
which was consistent with the growth of Ino.5 3 Gao.4 7 As without surface In 
droplets. In an attempt to replicate, as far as possible, these conditions, the 
temperature at the centre of the substrate during the growth of the HEMT 
structures was set to 530nC, which corresponded to an edge temperature of 
~540°C. To compensate for both this slightly higher edge temperature, and a slight 

drop in incident As2 partial pressure towards the edge of the substrate produced by 
the flux distribution of the arsenic cracker, the As2 partial pressure was calibrated 
to a value of twice that necessary for In0 .5 3 Ga0.47 As growth at 535°C. This value 
gave a secure margin of error to prevent the possibility of indium droplet 
formation at the wafer edge.

The Si furnace temperature necessary for the required doping level of 
3 x  lO ^cm -3  was calculated using an Arrhenius plot of Hall carrier density 

measurements on a series of Si-doped layers. The Si-fumace was degassed at a 

temperature 20°C above the doping temperature for a period of 15 minutes and 
then the temperature was reduced to a lower idling value, prior to the transfer of 
the substrate from the buffer chamber to the growth chamber. This procedure was 
employed to prevent a sharp increase in the growth chamber pressure when the
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Si-furnace was heated to its doping temperature during the growth of the HEMT 
structures.

8.2.3 Characterisation

Unfortunately, during fabrication, the MOCVD grown wafer shattered and 
so no benchmark devices were available for comparison with results from sample 

#B299. HEMTs were, nevertheless, successfully fabricated on sample #B299. 
Mushroom shaped gates with footprints ranging from lOOnm to 300nm were 
patterned and recessed non-selectively using wet chem ical etching in 

H 3P0 4 :H2 0 2 :H2 0 . Mesa isolation was also achieved by wet chemical etching in 
H3P0 4 iH2 0 2 :H2 0 , although it was found to be necessary to etch down to the InP 
substrate before isolation was obtained, indicating the existence of parallel 
conduction at the substrate/epilayer interface. The threshold voltages of the 
completed devices were in the range of 3 to 5V, dependent on the gate length and 
drain bias used. Measurement of the DC characteristics, revealed high output 
conductance (>100mS/mm), and low transconductance (lOOmS/mm) and a strong 
kink effect was observed i.e. increased output conductance with increased drain 
bias. This poor device performance was believed to be due to parallel conduction 
at the substrate/epilayer interface.

Sample #B354 was grown to attempt to remove the parallel conduction 
effects seen in #B299 by altering the device structure. An Ino.5 2 Alo.4 8 As buffer 
was used to remove the large bandgap discontinuity at the substrate/epilayer 
interface. This was followed by a 100 period superlattice with each period 
composed of 4ML of In0.53 Ga0.47 As followed by 12ML of Ino.5 2 Alo.4 8 As. The 
active region of sample #B354 was identical to that used for sample #B299.

HEMTs were fabricated on #B354 as described above. Device isolation 
was obtained at an etch depth of =60nm indicating that no significant parallel 
conduction was present at the substrate/epilayer interface. DC characterisation of 
the devices gave a transconductance of 330mS/mm and an output conductance of 
47mS/mm, considerably better than the previous devices fabricated on sample 
#B299. RF measurements gave a unity current gain cutoff of 167GHz for a gate 
length of 120nm and RF transconductance of up to 1130mS/mm.

8.2.4 Conclusions

The growth techniques and conditions discussed in the previous chapters 
have been applied to the growth of HEMT structures. Parallel conduction at the 

epi-layer/substrate interface (as discussed in Chapter 5) has been shown to be a
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problem if the correct buffer design is not used. Devices fabricated on material 
grown with an Ino.5 2 Alo.48 As buffer have device characteristics comparable to the 
best reported lattice matched HEMTs5’8.

8.3 SEED Device Structures

8.3.1 Introduction

S-SEED arrays operating at 850nm have been shown to be effective as 

digital photonic logic planes in experiments on parallel optical processing and 
switching systems9’10. However, the clock rates for realistic systems are currently 
lim ited by the laser power reaching the device array (m illiwatts) and, 
consequently, there is a need for a better match with suitable higher-power (>1W) 
lasers. One possible solution to this problem is the development of new SEED 
arrays capable of exploiting existing efficient laser sources at wavelengths other 
than 850nm. This section describes the growth and characterisation of a SEED 
structure designed to operate at 1047nm with a Nd:YLF laser. NdiYLF lasers have 
better thermal properties than Nd:YAG and have a fixed wavelength, guaranteeing 
a good match with specifically tailored switching and diffractive optical 
components, without special tuning or wavelength stabilisation.

8.3.2 MBE Growth of SEED structures

Due to the difficulty of accurately controlling quaternary growth, good 
SEED modulators for the 1047-1064nm region fabricated using lattice-matched 
InGaAsP wells and InP barriers have poor performance. All other attempts to 
realise SEEDs in this wavelength range have used strained ternary-ternary or 
binary-ternary MQWs. The MQW in a normal incidence modulator must be 1- 
2 [im thick to achieve a useful contrast ratio without using an asymmetric 

Fabry-Perot cavity. The strain averaged over the wells and barriers must therefore 

be balanced close to zero to avoid the propagation of dislocations. It was decided 
to adopt the approach of Woodward et a lA 1 and Fritz et al, 12  by growing an 
InGaAs buffer structure which deliberately exceeds the critical thickness limit and 
is relaxed to a larger lattice constant than the GaAs substrate. The MQW 
modulator is then grown on top the buffer, pseudomorphic to the new lattice 
constant, with InGaAs wells in compression and GaAs barriers in tension.
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The layer structure for the SEED device is given in Figure 8.3.
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Figure 8.3. Layer structure for SEED device.

The buffer was composed of 2/mi of InxGa(i_X)As with composition 

linearly graded between x=0 and \= 0 .135 to reduce threading dislocations. It was 

not possible to directly program a linear composition ramp using the system 

control software, only the furnace temperature setpoints could be ramped, so the 

buffer was grown using ten individual temperature ramps corresponding to 

composition changes of Ax=0.0135. This enabled a linear composition gradient to 

be synthesised as shown in Figure 8.4.
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Figure 8.4. Calculated composition vs thickness for single step temperature ramp and ten step 

temperature ramp for synthesis of linear composition gradient.

The required temperature setpoints for the start and finish of each step 
were found by performing RHEED intensity oscillation measurements for the 
growth of InAs on InAs. The required growth rates were scaled by the ratio of the 
third powers of the lattice constants of InAs and GaAs in a manner analogous to 
that used in Chapter 4 of this thesis. All InxGa(i.x) As growth rate (Gr) calculations 
were performed assuming a GaAs growth rate of 0.865|im/hr. Details of the 
growth of each step are given in Table 8.1.

Step Initial x Final x Initial
InAs
G r

Final
InAs
Gr

Average
InGaAs

Gr

Initial
In

Temp
"C

Final In 
Temp 

°C

Time
(s)

1 0.0050 0.0135 0.0057 0.0155 0.873 619.3 648.8 825
2 0.0135 0.0270 0.0155 0.0315 0.883 648.8 671.1 815
3 0.0270 0.0405 0.0315 0.0479 0.895 671.1 684.7 804
4 0.0405 0.0540 0.0479 0.0602 0.906 684.7 692.3 795
5 0.0540 0.0675 0.0602 0.0821 0.919 692.3 702.8 783
6 0.0675 0.0810 0.0821 0 . 1 0 0 0 0.934 702.8 709.6 771
7 0.0810 0.0945 0 .1 0 0 0 0.1184 0.948 709.6 715.5 759
8 0.0945 0.1080 0.1184 0.1273 0.962 715.5 720.7 748
9 0.1080 0.1215 0.1373 0.1568 0.969 720.7 725.5 743
1 0 0.1215 0.1350 0.1568 0.1770 0.985 725.5 729.8 731

Table 8.1. Calibration data for the growth synthesis of linear buffer in Sample #B374.
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Since the glide of dislocations in crystalline materials is a thermally 
activated motion, the buffer layer was grown at the relatively low temperature of 
420°C to further inhibit dislocation motion. The incident As2 partial pressure used 
for the growth of the buffer was 5.5 x  10*7 Torr, close to the minimum calculated 
in Chapter 4 for InGaAs growth at low temperature.

Flux calibrations for the growth of the active region of the SEED structure 
were performed assuming 100% relaxation of the buffer to the lattice constant of 

lno.l3 5 Gao.8 6 5 As, which from Vergard's Law corresponds to 5.708A. This means 
that for the growth of Ino.i3 5 Gao.8 6 5 As at lpm /hr the necessary calibration growth 

rate of GaAs on GaAs is given by

5' 6532f  x  0.865 = 0 .840|im /  hr (8.1)
5.708

As discussed in Chapter 4, this value must be modified to take into account 
thermal expansion at the calibration temperature. Using published values for the 

thermal expansion coefficient, the Ga calibration setpoint for Ino.1 3 5 Gao.8 6 5 A5 

growth therefore becomes 0.850pm/hr. The necessary In and A1 calibration 
setpoints can be similarly calculated. The values used for the growth of the active 
region of the SEED device are given in Table 8.2.

Alloy In
Calibration 

Growth Rate 
(pm/hr)

Ga
Calibration 

Growth Rate 
(pm/hr)

A1
Calibration 

Growth Rate 
(pm/hr)

Alloy 
Growth Rate 

(pm/hr)

In 0 .135 Ga 0.865 As 0.172 0.850 - 1 .0 0 0

lno.2 3 Gao.77 As 0.326 0.850 - 1.123

In 0.26  A10.74  As 0.172 - 0.378 0.589

Table 8.2. Calibration and alloy growth rates for the growth of #B374. The Ga and A1 calibration 

growth rates refer to the growth of GaAs and AlAs on GaAs, and the In calibration growth rates 

refer to the growth of InAs on InAs. The alloy growth rates are the expected growth rates for 

growth on completely relaxed InGaAs with x=0.135.

The substrate temperature was raised to 535°C for the growth of the active 
region, this temperature was measured at the centre of the wafer and so 

corresponded to an edge temperature of =545°C. The As2 partial pressure used 
during the growth was 2xlO "6Torr, approximately four times that used for the
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growth of the buffer. Such a high As2  overpressure was used since the effects of 
strain on the desorption characteristics of InGaAs are unknown.

8.3.3 Characterisation

The DCXD rocking curve for sample #B374 is given in Figure 8.5. The 
splitting for a totally relaxed layer has been shown in Chapter 2 to be related to the 
mismatch (m) by the equation

m = cotan 0  30 (8 .2 )

where 0 is the Bragg angle. For Ino.135Gao.865 As on GaAs this gives a splitting of 

1299 arcseconds. For strained layers lattice distortion has to be taken into account 
using the equation

m = ——— cotan 0 30 (8.3)
U +  v )

where v is the Poisson ratio of the material (which must be calculated using 

Vergard's law as described in Chapter 2). This gives a splitting of 2504 arcseconds 
for In 0.135 Gao.865 As on GaAs. From the position of the Ino.i3 5 Gao.8 6 5 As peak in 
the DCXD rocking curve for sample #B374, it is apparent that the buffer layer has 
not completely relaxed.

The spacing between the main InGaAs peak and the first order 
Pendellosung fringe to its left is 13lOarcseconds which gives a periodicity of 
144A for the MQW in the device structure. This is 6 A larger than the target 

thickness of 138A.
The wavelength of the 300K absorption edge peak (ko) also showed a 

slight discrepancy from the target wavelength, with a value of 106lnm. However, 
the uniformity of the peak across the wafer was excellent, being within ±0 .2 nm of 
106lnm to a diameter of 1", and ±0.7nm to the full 2". Figure 8 .6  shows the 
transmission-voltage performance of a SEED device. A contrast ratio of 2.0 was 
obtained between 0 and 10V, which was increased to =4.2 by the incorporation of 
a mirror.
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Figure 8.6. Measured absorption spectra of SEED devices for bias of 0V,5V and 10V

The peak MQW absorption at To and the HWHM on the low energy side 

of the absorption peak are commonly used figures of merit for SEED material. A 

comparison between characterisation data for sample #B374 and published values 

is given in Table 8.3.

Source we 11/barrier 

matenals

well/barrier 

widths (A)

HWHM of 

V=0 Peak 

(meV)

Peak MQW 

absorption at 

T0 (pinr 1)

Cunningham et « /.13 

AT&T

InGaAs/GaAsP 100/100 6.8 0.52

Kim et a lM  

Colorado State

InGaAs/InGaP 100/150 5.25 0.49

W oodward et al. 

AT&T

InGaAs/GaAs 100/50 9.9 0.56

#B 37415

Glasgow

InGaAs/GaAs 81/57 6.0 1.20

Table 8.3. Comparison of the performance of SEED material for operation at 1047-1064nm

The surface morphology of the SEED structure showed a faint cross- 

hatching associated with the generation of misfit dislocations through glide
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processes16. The wavelength and amplitude of the surface crosshatched profile 
were measured by optical interferometry and found to be 30nm and 5|im 
respectively.

8.3.4 Conclusions

A high quality SEED structure has been grown with an absorption peak 
HWHM figure of 6.0meV. This is the best reported value for the InGaAs/GaAs 
system and compares favourably with other material systems used for devices 
operating in the 1047-1064nm wavelength range. Growth was performed in two 
separate stages: a low substrate temperature and low As2  overpressure were used 
for the growth of a linearly graded buffer, and a higher temperature and As2  

overpressure were used for the active region. Calibration of the group III fluxes 

before growth was performed using RHEED intensity oscillations. The absorption 
peak of the MQW structure is slightly shifted away from the design wavelength of 
1047nm. The reason for this is not known and could be due to calibration errors 
and the incomplete relaxation of the buffer.
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Chapter 9 

Conclusions

9.1 Summary

The MBE growth of Ino.5 3 Gao.47 As and Ino.5 2 Alo.48 As lattice matched to 
InP is more sensitive to growth conditions than the GaAs/AlGaAs system. The 
A s2 flux necessary to stabilise the growing surface varies very rapidly as a 
function of substrate temperature and a very delicate balance must therefore be 
struck between the substrate temperature required to minimise impurity 
incorporation and the As2 overpressure necessary to stabilise the surface at this 
temperature. Finding the optimum growth conditions requires determination of 
the minimum possible As 2 partial pressure for a given substrate temperature, and 
a knowledge of how the properties of the material vary with substrate 
temperature.

RHEED intensity oscillations can be used to determine the A s2 flux 
density necessary to suppress the formation of free indium droplets. The onset of 
In droplet formation correlates with a drop in the measured growth rate of InAs, 
In 0.53 Ga0.47 As and Ino.5 2 Alo.4 8 As and this can therefore be used to identify the 
required AS2 partial pressure for growth at any substrate temperature. The 
measured values of minimum A s2 flux for the growth of InAs agree very well 
with predictions based on simple thermodynamic arguments. These arguments 
can be extended to deal with the behaviour of Ino.5 3 Gao.4 7 As by treating the 
ternary alloy as a pseudo-binary compound and employing published values for 
the activity of InAs in Ino.5 3 Gao.47 As. A very good fit to the experimental data is 
then obtained. No data for the activity of InAs in Ino.5 2 Alo.4 8 As is available, but a 

fit to the experimental data yields a value for the ratio between the activity in 

In O.53 Ga0.47 As and In0 .5 2 A1 o.48 As which is in good agreement with existing 
Auger measurements. An accurate understanding of the As2  flux necessary for the 
growth of Ino.5 3 Gao.47 As and Ino.5 2 Alo.4 8 As has thus been achieved, which 
enables calculation of the minimum permissible As2  flux for any growth rate and 

substrate temperature. The minimum As 2  flux necessary for good morphology is 
considerably less than is common in the literature. The use of relatively low As2  

overpressures offers several advantages. It increases the runtime of the chamber
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by slowing down the consumption of As, produces an improvement in interface 
quality, and reduces the arrival rate of impurities from the As charge.

RHEED measurements of ternary growth rate can also be used to measure 
desorption from the solid solutions of the lattice matched ternaries. The measured 
desorption curves are also in good agreement with thermodynamic predictions. It 
has been shown to be possible to grow Ino.5 2 Alo.4 8 As at relatively high 
temperatures, in the regime where considerable In desorption was present, and 
still retain accurate control of the composition. This is presumed to be made 

possible by strain enhanced desorption which produces a 'self-locking' effect.
Accurate control of the composition in the normal growth regime can be 

obtained by calibrating the incident group III fluxes using RHEED oscillations on 
separate substrates. The In flux is calibrated by measuring growth rates on InAs 
substrates, and the Ga and A1 fluxes are calibrated by measuring growth rates on 
GaAs substrates. By adjusting the measured growth rates to a set of well defined 
values it is possible to obtain composition control to within ±250ppm. This 
method of calibration was used to grow a series of In 0 .5 3Gao.47 As/In0.52  Alo.48 As 
single quantum well structures. The photoluminescence energies from wells of 
varying thickness agree very well with theoretical predictions, indicating that the 
desired growth rate has been accurately obtained. The major cause of linewidth 
broadening in the quantum well lum inescence is band-filling in the 
In O.53 Gao.47 As which is produced by the ionisation of impurities in the 
In 0.52 A1 o.48 As. This can be minimised by growing the structures at temperatures 
above 530°C with minimum As2 flux. The resultant photoluminescence spectra 
contain very narrow linewidths and monolayer-splitting can be observed, 
demonstrating that high interface smoothness has been obtained.

The photoluminescence from bulk Ino .5 3 Gao.47 As layers grown with 
minimal As 2 overpressure is very much influenced by the existence of an InAs 
segregation layer. Such segregation layers are several monolayers thick and 

produce a subsidiary peak in the PL spectrum whose position is determined by the 
mismatch between the substrate and the epi-layer, implying that even very small 
amounts of strain can significantly increase the amount of In segregation which 
occurs during growth. This is another reason for ensuring tight control of the 

composition of lattice matched ternary material since it is possible that the 
incorporation of dopants into the material could be influenced by the presence of 
such a segregation layer.

Preliminary investigations of the incorporation of Si into slab- and 
3-doped structures have been performed. For d -doped structures the results show 

an increase in amphoteric behaviour as the doping density rises, which is 

accompanied by an increase in spreading away from the dopant plane, perhaps
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attributable to electrostatic repulsion. This limits the maximum obtainable 
electron density to =3 x  1012cm"2. The spreading obtained for slab-doped samples 
is comparable to that for 3-doped samples and an increase in the activity of the Si 
dopant is observed when slab-doping is used. This suggests that thin slabs are the 
more efficient method of generating high carrier densities in Ino.5 3 Gao.47 As.

The growth of device structures using the principles discussed above has 
been shown to produce high quality material. Characterisation data from a 

strain-balanced SEED structure demonstrates that the RHEED calibration 
technique can also be applied to strained the growth of strained InxG a(i.x)As on 

GaAs, yielding state-of-the-art device performance.

9.2 Suggestions for Future Work

The technique of growth in the 'self-locking' regime has only been 
preliminarily investigated. Although it has been shown that the growth of 
In 0.52 A1 o.48 As is possible at high temperatures, no In 0.53 Gao.47 As samples have 
been grown and the sensitivity of the 'self-locking' effect to growth conditions has 
not been examined. Ideally the validity of the technique should be verified by 
measuring the composition of a number of samples grown in the regime where 
significant indium desorption is occurring. If the samples are grown at different 
substrate temperatures then the composition should, in the absence of a 
'self-locking' process, decrease monotonically as the substrate temperature rises. 
If the desorption is sufficiently increased by strain between the layer and substrate 
then there should be a temperature range over which the composition does not 
vary, giving a curve of the form shown in Figure 9.1.

ao

8

Substrate Temperature

Figure 9.1. Predicted relationship between the In content of InGaAs and the substrate temperature

during growth
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A curve of similar shape should be obtained for the indium proportion as a 
function of excess indium flux supplied during growth. By performing such 

measurements experimentally it should be possible to determine the extent of the 
parameter 'window' in which lattice matched growth is obtained.

The work carried out so far has been restricted to ternary alloys, but 

sim ilar argum ents could be em ployed for the growth of quaternary 
InxAlyGai_x_yAs material lattice matched to InP. This alloy system spans the 
same bandgap range (0.9-1.65|im) as InxGai_xAsyPi_y, however it is only 
necessary to control one high vapor pressure group V element. The methods 
described in this thesis for the calibration of group III fluxes are equally 
applicable to InxGai_xAsyPi-y and, with minor modifications the thermodynamic 
arguments used to determine minimum incident As2 fluxes, could be extended to 
deal with this system.

The ternary materials system could be extended to include the growth of 
strained structures. The use of strained device structures has been shown to result 
in improvements in the performance of both optical devices such as strained 
quantum well lasers and electrical devices such as pseudomorphic-channel 
HEMTs (pHEMTs). The presence of strain in such structures, significantly alters 
the desorption characterics of the material being grown, which in turn alters the 
necessary stabilising As2 flux. There has as yet been very little systematic work 
on the effects of strain on growth conditions. To a certain extent, the attempt has 
already been made to expand the techniques for lattice matched growth to the 
growth of strained device structures, however much work remains to be done.

The studies of the incorporation of Si into Ino.53 Gao.47 As presented in 
Chapter 7 are not yet complete and the growth of several additional structures is 
necessary to provide a complete picture of the incorporation process. This will 
involve the growth of 3-doped layers to determine more precisely the amphoteric 
limit and the point at which all of the incident Si donors are activated. Further 
slab doped layers are reqired to investigate the influence of segregation processes 
on the migration of Si atoms. In addition, the doping properties of Ino.5 2 Alo.48 As 
layers have yet to be studied.
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Figure 9 .2 . Structure to investigate the effect of a thin InAs layer on the incorporation o f Si

(9-doping o f Ino 53GaQ 47As.

The use of a thin InAs host has the potential to increase the amphoteric Si 

d-doping limit of Ino .53  Gao .4 7  As. The d-doping could be imbedded in an InAs 

layer whose thickness was below the critical thickness threshold (-10M L). This is 

illustrated in Figure 9.2.
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