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- SUMMARY

The purpose of the work reported in this thesis
was two-fold. The first objective was to investigate
the incorporation behaviour of both zinc (Zn) and
berfllium (Be) in molecular beam epitaxy (MBE) grown
indium phosphide (InP) with a view to growing device
quality p-type InP material. Secondly, a deep level
transient spectroscopy (DLTS) system was designed and
constructed in order to deteét and possibly identify
deep level majority carrier trapping centres in MBE grown
InP, the aim behind this investigation being to provide
feedback information in orde;hto improve the quality of
InP grown by MBE,

Prior to commencing the doping study an investigation
was‘carried out into the growth of unintentionally doped
InP by MBE onto Fe-doped semi-insulating InP substrates
which were atomically cleaned in-vacuo by the process of
;rgon ion sputtering followed by annealing. Hall-effect
and plasma reflectivity measurements made on unintentionally
doped InP films grown onto sputtered and annealed
substrates yielded substantially different results; Hall-
effect measurements typically yielded nett donor

concentrations ND—NA of m3x1016cm_3

15—4

and electron mobilities

< 1000 cm?y™ at R.T. while higher electron mobilities,

2 15_4, were obtained by the plasma

17

typical = 3,000 cm“V™

reflectance technique with Nj-N, being = 1077cn™.  This
result lead to speculation that the substrate/film

interface region was seriously influencing electrical



measurements on the films and an investigation into the
effects of the sputtering and annealing cleaning process
on substrate surfaces was initiated to verify this
hypothesis. Hall-effect and C-V profiling techniques
revealed that the surface of semi-insulating substrates

is converted to n-type with ND—NA in the range 1016-1017cm‘3

to a depth of » l,OUUK as a result of the sputtering and

annealing process. Hence films grown onto sputtered énd

annealed substrates are inteffaced by a conducting layer.
Zn was found to have<a near unity sticking coefficient

on (100) InP grown by MBE at substrate temperatures

around 360°C and Zn concentra£ions up to w4x1020cm"3 were

achieved in films as measured by atomic absorption

spectrometry analysis with no apparent degradation of

gither the surface morphology or crystal structure.

Plasma reflectivity measurements on Zn doped films yielded

Ulj’cm_3 and electron

18—1

nett donor concentrations of = 1
mobilities in the range 2,500-3,000 cm?V 's™', ie the
electrical properties of Zn doped films were almost

identical to those of unintentionally doped films,

indicating the Zn content in MBE grown InP to be electrically
in-active. Be was also shown to have a unity sticking
coefficient on (100) InP grown by MBE at substrate
temperatures around 360°C and Be concentrations in films
ranging from 5><1017cm_'3 to 2><lCl19cm"'3 were achieved as
measured by étomic ébsorption spectrometry anélysis.

The Be content in MBE groWn InP films was shown to be

partially activated, indicating a degree of substitutional



incorporation; Be doped films were found to be highly
compensated n—typa.

Unintentionallf doped InP grown by MBE was shown to
contain a dominant deep level electron trap by deep level
transient spectroscopy analysis having a thermal
activation energy to the conduction band of 0.59eV and a

-1zcm2

capture cross-section of 1.8x10 . The concentration

of the deep level trap was found to be dependent on the

substrate £emperature during growth; ‘the'trap

l4 -3

concentration increased from 8x10” "¢cm to 3xlDl5

cm—3

as the substrate temperature was lowered from 360°C to 300°C.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Molecular beam epitaxy (MBE) is a high vacuum
technique for the growth of epitaxial lafers, usually
semiconductors, that utilises thermal beams of source
atoms or molecules impinging on a single - crystal

(l'l). MBE has been developed.over the past

substrate
decade or so and is now not only an important technology
for the fabrication of microwave and electro-optic

devices, but also a vehicle f&f the investigation of
fundamental properties of semiconductors, metals and
insulators (see, for example, Cho (1'2)). The MBE
technique is superior to other epitaxial growth

techﬁiques such as liquid phase epitaxy (LPE) and vapour
phase epitaxy (VPE) in that ultra thin layers of extreme
éaoothness can be reproducibly grown with tailored doping
profilés and/or composition on an atomic scale normal to
the growth surface. The high degree of growth control
afforded by MBE was first demonstrated by Chang et al (1.3)
for MBE growth of GaAs/ Al Ga,_  As superlattices
consisting of several alternate layers of GaAs and

0
1-xAS with layer thickness as low as 50A, More

(1.4)

Al Ga
X
recently, Ploog et al have reported the growth by
MBE of a novel superlattice structure, known as the "nipi"
structure, consisting of a periodic sequence of ultrathin

o )
(200A + 1500A) p- and n-type GaAs layers separated by



intrinsic (i-~) layers. Such a structure, which prior
to the development of MBE was only considered on a
theoretical basis,"may have an effective energy-gap of
any value between the energy-gap of bulk GaAs (l.45eV)
and zero, depending on the choice of layer thickness and
carrier concentration. Furthermore, the carrier
concentration and consequently the effective band gap of
nipi crystals can be modulated within wide limits by the
application of an external bias, thus suggesting a
voltage-tunable semiconductor laser (see, for example,
Dohler and Ploog (1'5)).

MBE lends itself to the égbrication of complex
structures since the constituent elements of a particular
semiconductor and the required dopant elements are
evaporated as separate atomic or molecular beams having
precisely controlled effusion rates and which can be
instantaneously shuttered from the substrate onto which
é;itaxial growth is taking place. An illustration of a
typical MBE growth arrangement is shown in Fig. 1.1.
Furthermore, substrate temperatures during MBE are low
(eg, 550°C for GaAs) compared to those required for LPE
(850°C) and VPE (750°C); consequently dopant
interdiffusion between adjacent layers is minimal in MBE

and therefore hyperabrupt p-n junctions are possible.

1.1.1 Molecular Beam Epitaxy of Compound Semiconductors

MBE of III-V compounds has its origins in the so-

called "three-temperature" technique developed by GUnther(l'l)
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The three-temperature technique for the vacuum

deposition of III-V compounds relied on the much lower
vapour pressure of the group V element over the III-V
compound than over the pure group V solid. A group V
element source oven was held at a temperature T1 to
maintain a steady pressure in the vacuum chamber, while a
separate group III element source oven was held at a
higher temperature T3 to provide a flux of atoms incident
on the substrate, the substrate being-maintained at an
intermediate temperature T2 which was high enough to
eliminate the Condensatioﬁ of excess group V element on
the surface. This technique resulted in the growth of
stoichiometric films of a number of binary and ternary
ITI-V compounds; however, since the substrates were
usually glass the deposited films were invariably
polycrystalline. Epitaxial growth of GaAs by the three-
temperature method was first demonstrated by Davey and |

(1.6) on both GaAs and Ge substrates which were

Pankey
atomically cleaned in-vacuo by an ion bombardment
fechnique. The ion bombardment substrate cleaning
process used by these authors was later shown by Auger

(1.7) {6 result in the

electron spectroscopy (AES) studies
removal of contaminants such as C and O from GaAs surfaces
prior to epitaxial film deposition. Around the same time

an investigation was reported by Arthur (1.8)

into the
kinetics of the interaction of collimated molecular beams
of Ga and Asz with a GaAs surface using modulated beam

mass spectrometry techniques. This study revealed that

above a substrate temperature of 500K the adsorption of



As, on GaAs was directly dependent on the surface

2
population of Ga adatoms. It was established that if an
arsenic molecule encountered a free Ga atom during its
surface lifetime, the moiecule remained on the surface,
while if no free gallium was available the arsenic
molecule re-evaporated following surface migration.
These observations suggest that the growth rate of GaAs
is controlled by the arrival rate of Ga atoms while
stoichiometric growth is ensured provided an excess of
arsenic is supplied at the substrate. Although this
interpretation has since been found to be somewhat
oversimplified (see, for examﬁle, Foxon and Joyce (2'14))
considerable success was achieved in growing
stoichiometric GaP and GaAsxP1_x films as well as GaAs-
films on GaAs substrates by MBE using similar molecular
beam flux conditions (1'9). MBE of III-V compounds and
alloys became highly controllable and sophisticated
following the‘incorporation into MBE systems of AES
systems to monitor substrate surface cleanliness prior to
film deposition, and reflection high-energy electron
diffraction (RHEED) systems, to monitor film crystallinity
and surface structures during growth (see, for example,
Cho (1‘1)).

Much of the early motivation for MBE research was to
develop a technologf capable of reproducibly growing
multiple-layer GaAs - Alea1_xAs structures for injection

(1.10)

lasers. In 1976, Cho et al demonstrated the first

continuous room temperature operation of an MBE grown



GaAs - Al Ga As double heterostructure laser

1-x
(DH laser), although at that time the threshold current
density for lasing was twice that for a similar structure
grown by LPE. By early 1979, further improvements in
vacuum apparatus and growth techniques yielded lasers with
threshold current densities even lower than those of
comparable lasers grown by LPE and today GaAs - AlXGa1_XA§
DH lasers with R.T. threshold current densities of 1 torl.S
kA cm_z or "lower can now be prepared almost routinely by

MBE. In addition to the fabrication of DH injection

lasers MBE of GaAs and Alea1_xAs has been successfully

applied in other device areas. For example, GaAs and
Alea1_xAs optical waveguides have been grown by a
selective area growth techhique using Si shadow masks.
Single and multilayer stripe-mesa waveguides with widths
as Héfrow as lum have been reported using this technique(l'll).
Also, the operation of high performance MBE grown GaAs

microwave devices, such as varactors (1‘12), IMPATT diodeél'lB)

and MESFETS (1'14), has been demonstrated. Because the
doping profile is critical in such applications MBE is
especially well suited to the fabrication of these devices.
Over the last few years the range of semiconductor
materials grown by MBE has been extended dramatically and
now includes I1II-vV, III-III-V, III-III-V-V, III-III-III-vV,
I1-vI, and II-II-VI compounds. Fig. 1.2 details the

semiconductors that have been prepared by MBE in relation

to their energy-gaps.
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1.1.2 Device Applications of InP

The quaternary compound Ga In AsyP (see Fig. 1.2)

1-x 1-y

is currently receiving much attention due to the potential
application of sources and detectors based on this
material in optical-fibre communication systems.

Ga In is a particularly attractive semiconductor

1- x : 1 -y
compound since the energy-gap of the alloy can have any
value between 1.35eV and 0.75eV (0.9um » 1.65um)

depending on the choice of X and y while maintaining an

exact lattice match with InP. Since present-day ultra-

low-0H content optical Fibres“éxhibit minimum attenuation

over a band of wavelengths‘ranging from 1 to 1l.6um (1'15),
the transmission loss in this 'window' being <ldBkmu1
(see Fig. 1.3), semiconductor lasers with Ga <INy xASyP1—y

active regions are ideal as potential sources in optical-
fibre communication systems. Continuous R.T. operation

of LPE grown (1.16 - 1.18) (1.19)

and VPE grown
InP/GalnAsP/InP DH lasers emitting in the 1.1 + 1.3 um
range has been demonstrated; a typical InP/GalnAsP/InP

DH laser structure is illustrated in Fig. 1.4. MBE growth
of such laser structures, however, is in a much earlier
stage due principally to difficulties found in growing

the quaternary layer on account of the greatly differing
physiochemical properties of As and P <l'20). MBE growth

of the ternary compound GaxIn1_xAs which lattice matches

to InP for x = 0.47 is a simpler proposition and has been
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(1.21 - 1.25)

reported by several authors Furthermore,

R.T. operation of lattice-matched InP/Ga As/InP

0.47170.53
DH lasers grown by MBE with pulsed emission at 1l.65um has

(l°26). In the laser

been reported by Miller et al
structure reported by these authors Ge was used as the
n-type dopant for the n-type InP cladding layer while the
p-type cladding layer was produced by post-growth difFusién
of Cd, ie the p-type InP layer was not grown directly by
MBE.

It is obvious from the foregoingdiscussion that InP
has become an important material with regard to the
fabrication of modern opto—eléétronic devices. The
material also has potentiai.use in microwave devices such
as transferred electron oscillators and amplifiers
(1‘27’ 1.28) where InP appears to yield lower noise devices
than GaAs,. These two principal applications have
spurred on research efforts in MBE of InP in recent years

with a view to growing device quality material.

1.1.3 MBE of InP - A Review

The growth of (100) InP by MBE from In and P2 beams

was first reported by Farrow (1'29).

Farrow's early
experiments, however, were not reproducible since his
in-vacuo substrate heat cleaning technique did not
satisfactorily remove surface contaminants such as € and 0
prior to film deposition (2'4). McFee et al (1.30)

Jater presented a detailed study of the growth conditions



and the electrical and optical properties of InP films
grown from In and P, molecular beams on (111) and (111)
crientated substrates which were cleaned in-vacuo by an
argon ion bombardmenf process. These authors found that-
the optimum substrate growth temperature was »~ 450°c and
also méntioned that preliminary studies had indicated

that the surface morphology of (100) orientated InP films
was superior to that of (111) and (111) orientated films.

Norris and -Stanley (1.31)

subsequently reported a study
of the substrate temperature limits for epitaxy of (100)
InP from In and P, moleculér beams; substrate surfaces
were atomically cleaned by three 500eV argon ion
bombardment/anneal cycles.  The upper sdbstrate
temperature limit was found to be alOOC, with whisker
growth from In droplets occuring above this temperature,
while polycrystalline growth was observed at substrate
temperatures < 100°C. . These authors reported an optimum

growth temperature of n 360°C for unintentionally doped

InP films; films grown at this temperature were n-type

with a nett donor concentration of ~ 2 x 1016 cm"3 and
an electron mobility ~ 3,000 env ™1 at R.T. Around
(1.32)

the same time, Kawamura et al reported the growth

by MBE of high quality unintentionally doped (100) InP
films from In and P4 molecular beams, A recent
development has been the growth of molecular beam epitaxial

InP onto substrates thermally cleaned at » 500°C in a P2

flux in contrast to the generally adopted technique of

argon ion sputtering followed by annealing (1'33).



To-date very little has appeared in the literature
on n- and p-type doping of InP grown bf MBE. Matsushima

et al (1.34)

reported Sn doped n-type InP layers grown

on GaAs substrates, however, no information was given on
the electrical and optical properties of the films.,
Homo-epitaxial Sn doped InP films were reported by Miller‘

(1.35, 1.36)

et al with n-type doping levels ranging from

19 -3

"% to 2 x 10Y7 cm?., P-type doping of InP

2 x 1018 cm
grown by MBE has been briefly reported by ‘Backmann et al
(3.15) for Mg, Be and Mn but no details of doping range

attained, orientation of substrates or growth conditions
were given. Since very littlé attention has been given
to doping studies of MBE gfown InP it is obvious that a

greater research effort is required in this field if InP

devices grown by MBE are to be realised,

1.2 Aims of Research

The two main objectives of the work described in this
thesis were as follaws:
1 To investigate the use of both Zn and Be as possible
p-type dopants in MBE grown InP with a view to
producing device quality p-type material.

To design and construct a deep level transient

I~

spectroscopy (DLTS) system in order to facilitate the
detection and possible identification of deep level
carrier traps in MBE grown InP. The principal aim
behind this work being to provide feedback information

in order to improve the quality of InP grown by MBE.



1:3 Review of Contents of Thesis

In chapter 2 the basic principles govérning the
growth of III-V compounds by MBE are discussed.
Particular emphasis is placed on GaAs since extensive
studies have been reported on the kinetics of GaAs growth
by MBE whereas very little has been published on the
growth kinetics of other III-V compounds. Molecular
effusion theory is developed in the Chaptér culminating
in the presentation of an equation describing the
molecular effusion‘rate from a Knudsen oven; Knudsen
ovens are the principle molecular beam sources in MBE.
Finally dopant incorporation mechanisms in the MBE growth
of III-V semiconductors are discussed in the latter part
of the chapter.

In addition to describing the MBE vacuum system and
diagnostic equipment, chapter 3 discusses the growth and
characterisation of unintentionally doped InP grown by
MBE. |

Chapter 4 is concerned with Zn doping of MBE grown
InP, The design, performance and operation of a
specially constructed low energy (ZDDéV + 2keV) Zn ion
source which was incorporated in the MBE system as a
source of Zn ions are described. The growth and
characterisation of Zn ion and Zn (neutral) doped InP films

are discussed.



Be doping in MBE of InP is considered.in chapter 5.
The growth and chafacterisation of Be doped InP films
are reported.

Chapter 6 describes the design and operation of a
deep level transient spectroscopy (DLTS) system which was
constructed in order to detect the presence of deep level
carrier traps in MBE grown InP material. The results
obtained from DLTS measurements on molecular beam
epitaxial InP are discussed.

Finally, chapter 7 coptains a concluding discussion
on the results obtained in this project together with

suggestions for further work in the field.



CHAPTER 2.



CHAPTER 2

BASIC PRINCIPLES GOVERNING

THE GROWTH OF III - V COMPOUNDS

BY MOLECULAR BEAM EPITAXY

Although most of the studies of growth kinetics due to
the interaction of moleculaf beams with crystalline
surfaces have been limited to GaAs the fact that MBE
growth of GaP (2.1) Al Ga,_ As (1.1) InGa,_As (2.2)
and other III - V compounds including InP has been
achieved using similar molecular flux conditions suggests
that the basic growth mechanighs are similar for most

IIT - V compounds. The following chapter describes the
kinetics of epitaxial growth of III - V compounds from
molecular beam sources with particular emphasis on dopant
incorporation mechanisms (section 2.5).

2.1 Species Evolved in the Evaporation of III - V Compounds

In order to understand the kinetics of epitaxial
growth of III - V films from molecular beam sources a
knowledge of both the Knudsen (equilibrium) evaporation
and Langmuir (free) evaporation behaviour of the
particular III - V material involved is necessary. ITT -V
compounds for which the Langmuir and Knudsen evaporatiaon
behaviour have been established include GaAs and InP.

Farrow (2.3)

has studied the free evaporation behaviour
of the (100) surface of InP using modulated beam mass

spectrometry (MBMS) techniques. This method involves



interuﬁting the evaporated flux with a mechanical
chopper before it enters the mass spectrometer and the
use of signal averaging techniques to discriminate the
direct beam flux from the crystal from background

(2.3)

molecules. Farrow found that only In and P2 are

evolved from a (100) InP surface when the crystal is
heated in an U.H.V. environment and that the free

evaporation is congruent, ie P, flux = 1/2 In flux, up to

(o}

365 = 10°C. At temperatures above M‘BGSQC there is a

disproportionate loss of P the ratio P2/In evolved

2,

being strongly temperature dependent as shown in Fig. 2.1.

(2.3) has also found the maximum congruent

Farrow
evaporation rate from the (100) InP surface under free
evaporation conditions to be =~ 10—5 monolayer/sec. In

(2.4) found a maximum

a similar study Foxon et al
congrﬁent evaporation temperature for GaAs of 657°C

(below which As, flux = 1/2 Ga flux) together with a

2
maximum congruent evaporation rate from the (100) GaAs
surface of »~ 10-1 monolayer /sec. The maximum congruent
evaporation temperature of a crystal is an important
parameter in relation to in-vacuo heat cleaning of
substrates prior to film deposition. Cho and Panish
(2.5) have shown from Auger electron spectroscopy (AES)
studies that heating (100) GaAs substrates in-vacuo to

525 - 535°C results in the complete removal of oxygen

from the surface while carbon contamination is reduced to
a few percent of a monolaYer. Thus (100) GaAs substrates

can be successfully heat-cleaned at temperatures well

within the (100) GaAs congruent evaporation temperature

L‘ -
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range. In the case of InP, however, simple in-vacuo
substrate heat-cleaning is not possible since at
temperatures > 365°C there is = preferential loss of

phosphorus from an InP surface. Farrow, (2.6)

however,
has shown that InP surfaces can be stabilised at
temperatures > 450°C by impinging a compensating flux of
either P2 molecules, generated from a Knudsen oven
containing InP, or P4 molecules evaporated from an oven
containing -red phosphorus. Preliminary AES studies
indicated that this technique results in the removal of
oxygen contamination from inP surfaces at temperatures >
400°C although epitaxial InP deposition was not
demonstrated onto substrates cleaned in this manner.

More recently Davies et al (2.7) (2.8)

and Cheng et al
have shown using AES analysis that InP substrate surfaces
which are passivated with an oxide following the ex-situ
preparation can be successfully heat cleaned at
temperatures > 500°C under exposure to an As4 molecular
beam. These authors subsequently deposited epitaxial
GaA

I 0.47 As onto InP substrates prepared in this

N5.53

manner.

The evaporation of InP under Knudsen conditions, ie with

the vapour and condensed phases in equilibrium, has been

(2.3)

studied by Farrow using MBMS techniques. P, was

2
found to be the dominant species evaporated from a Knudsen
oven containing InP in the temperature range 545 - 657°C

although significant evaporation fluxes of In and P4 were



~also detected. At an oven temperature of =~ 650°C the
ratioc of dimer (PZ) to tetramer (PQ) molecules emanating
from an InP Knudsen oven was found o be ~ 9 : 1. InP
is the only III - V compound so far examined where such

a tetramer pressure has been identified under Knudsen

(2.9)),

effusion conditions (Foxon et al In view of the

absence of P4 in the Langmuir evaporation flux from InPA
and the absence of tetramers in both the Knudsen and

Langmuir evaporation fluxes from other IIL - V compounds
such as GaAs and GaP the P4 pressure in the InP oven is

attributed to Pz -+ P2 association reactions on the walls

(2.3))‘

of the oven (Farrow Significant dimer

evaporation fluxes from GaAs and GaP are only detectable

at temperatures around 950°C (Foxon et al (2'9)), ie

BOOOQ higher than the normal InP oven temperature, and
consequently the X, pe 2X, equilibrium lies further to the
right in GaAs and GaP ovens than in an InP oven.

) In the work reported in this thesis a Knudsen oven
containing InP was used throughout as the source of

phosphorus and hence a predominately P, molecular beamn

2
was evaporated. Also, typical InP substrate growth
temperatures were < 360°C, ie just below the congruent

evaporation temperature limit of the material.

2.2 Knudsen Effusion Theory

The sources of molecular beams in MBE experiments, with
the exception of specially designed electron-gun sources

which are used to evaporate very low vapour pressure



~elements such as Si, consist of small cylindrical
graphite or boron nitride ovens which contain species
having vapour pressures typically around 10"3 Torr.
Molecular effusion, as opposed to turbulent effusion,
takes place from such ovens if their aperature radius r
is adjusted so that r < A, where A is the mean free
collision path of the molecules within an oven. Under
such conditions the number of molecules dQ which will
emerge per second from an oven travelling in solid angle
dw at angle © relative to a normal to the aperture plane

is given by
dQ = (dw/4n) nv Agcose (2.1)

where n is the number of molecules per unit volume, v is
the mean molecular velocity inside the oven, and As is the
apertdre area. By integrating equation 2.1 over a 2w
solid angle in the forward direction, the total number of

molecules Q emerging per second is given by
l — .
Q === nv A_ coso (2.2)
4 s

The cosine law of molecular effusion implied by equation

2,2 was first established by Knudsen (2'10).
From kinetic gas theory
v o= 2 (2l<T/1rM)1/2 (2.3)
and n = p/kT _ (2.4)

where M is the mass number of the evaporant, and p and T

are the vapour pressure and temperature inside the oven,

L0



respectively.
By substituting equations 2.3 and 2.4 into equation 2.2,

Q can be written as

s coso (2.5)

(2kw)

If a detector, which in the case of MBE experiments is a
substrate, .intercepts a beam of molecules at a distance
d from the source aperture, the number of molecules I

which strike the detector ber second is given by

1 p A A

S
1/2 1/2 coso (2.6)

(2kn) (MT) (vd?)

Assigning the units of p(Torr), M(amu), T(K), Ay and A (cmz)
and d(cm) to the terms in equation 2.6, I can be written as

22 coso molecules s 1 (2.7)

l/2

I = 1.118 x 10 pA_A,

a2 (mT)

Equation 2.7 is normally written in the form of a flux
equation, the flux of molecules J arriving at a substrate

of area Ad being given by

22

3 = 1.118 x 10°° pA_ cose mol.em™ © 87 (2.8)

aZ(MT)

dow



- In the above analysis a thin-walled apertdre was assumed,
however, if the aperture is a canal of appreciable length,
the molecules which start to emerge at a considerable
angle will strike the canal wall and have a smaller

chance of escaping, and even if they do so it will
probably be at a different angle. Thus the angular
distribution of the emergent beam is changed considerably
from the cosine distribution implied by equation 2.8.

Clausing (2.10)

has calculated the angular distribution
for a canal-like aperture whose length equals twice the
radius. This distribution ig illustrated in Fig. 2.2
which also shows the angular distribution to be expected
from the cosine law (equation 2.8). As can be seen from
the figure a canal-like aperture has a focussing effect on
the emerging beam although the beam intensity in the
direction of the canal is undiminished. Angular
distributions have been calculated for a number of canal
length to radius (L/r) ratios (2'11), the focussing
effect, ie beam narrowing, being found to increase with
increasing L/r ratios.

In this work open ended cylindrical boron nitride
crucibles were used which had a L/r ratio of 16
(L = 40mm, © = 2.5mm). The theoretical spatial
distribution of the flux eminating from such ovens is

shown in Fig. 2.3 together with the spatial distribution

expected from the cosine law, illustrating that both
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distributions are similar for o < 3°.  Also,

10mm x 5mm substrates were situated 10cm from the oven
orifices in this work and therefore 'the maximum subtended
angle © over the substrate surface area was 2.8°, Hence
the flux arriving at the substrate can be approximated to
that given by equation 2.8. Furthermore, for small
values of 0, cos © = 1 and therefore flux levels are
approximately given by

pA, mol.cm™ 2 g~1 (2.9)

1/

J = 1.118 x 1022

aZ(ut)y "2

Equation 2.9 is referred to as the Knudsen equation

throughout the remainder of this thesis.

2.3 \kinetics of Epitaxial Growth by the Interaction of
Group 1II and Group V Element Molecular Beams

The two most commonly used procedures for the
preparation of III - V Compounds by MBE are described in
the following, using GaAs as an example. The first such
procedure employs beams of As4 derived from an elemental
arsenic source and Ga, while the second uses Asz usually
obtained from a GaAs source but more recently with an

(2.12)

AS4 * A82 cracking cell and Ga, which in each

system impinge on a heated GaAs substrate where

interaction occurs. The interaction kinetics of Asa

and Ga on (100) GaAs have
(2.13,

and Ga on (100) GaAs and As,

been studied using MBMS techniques by Foxon and Joyce

2.14) (1.29)

In addition, Farrow has investigated the



~interaction kinetics of Pz and In on (100) InP using MBMS
techniques but to date the kinetics of the In - P4 system
have not been reported although Kawamura et al (2.15)
have grown (100) InP epitaxial films using In and P
beams. The crucial results from the interaction

kinetics experiments which have been reported are

summarised in sections 2.3.1 - 2.3.3.

2.3,1 (100) GaAs/Ga—As4 System

In the absence of a Ga flux As4 has a zero sticking
coefficient but a measurable surface lifetime in the
temperature range 300 - 450K, the sticking coefficient
being defined as the ratio‘of chemisorbed to incident
molecules. If a Ga surface population is produced by a
coincident Ga beam, sAsa becomes finite and temperature
dependent, tending to unity as the substrate is increased
above 300K. With a coincident Ga flux, As4 has a
temperature independent sticking coefficient between 450K
and 600K, but it is a function of the Ga beam intensity,
JGa' The crucial results are that the sticking
coefficient of Asq, SAs , is always < 0.5, even when

4

Iga > JASA, (the As, flux); secondly, when Jgg << JASA’

one As atom sticks on the GaAs surface for every Ga atam

supplied; and finally, when J >> ] y the desorption
Ga As4

rate of AS& is second order with respect to its adsorption

rate, but for JGa << JAS“ a first order dependence is

involved. These results can be explained by a process of

dissociative chemisorption, with a pairwise interaction



of As, molecules absorbed on adjacent Ga lattice sites.

4

When the As, surface population is small compared to the

4
number of Ga sites the rate limiting step is the
encounter/reaction probability between A34 molecules
leading to second order kinetics. As the As4 surface
population is increased, there is an increasing
probability that an arriving molecule will find adjacent
sites occupied and the desorption rate becomes "
proportional to the number of moleculés being supplied,
ie a first order process. To summarise, at temperatures
> 450K Ga adatoms (adsorbea Ga atoms) only control the
"condensation, dissociation and\feaction of As4 molecules

but below ~»~ 400K As4 molecules are not adsorbed

dissociatively and consequently growth of GaAs from Ga

and Asa beams is not possible below ~ 400K. This
minimum temperature for epitaxy has been verified
(2.16)

experimentally by Neave and Joyce

2.3.2 (100) GaAs/Ga - As, System

2

At substrate temperatures > 600K the sticking

coefficient of Asz, S is a function of the arrival

Asz’
rate of Ga atoms, and when J < J one As atom sticks
Ga Asz

on the GaAs surface for each Ga atom supplied, while faor

2 JGa > JASZ’ SAS2 is unity (c.f. SA84 = 0.5 for the
equivalent situation). Below 600K, the behaviour of As,

molecules becomes more complex in that they undergo a

surface association reaction, leading to the desorption



~of A34 molecules by a first order process with respect

to JAs . Thus, below 600K growth of GaAs from Ga and
"2
A82 beams is not possible.

2.3.1 (100) InP/In - P, System

2

The sticking coefficient o% In, SIn’ in the absence
of a Pz surface population is = 1 over the InP substrate
temperature range 300 - 63BK whereas the sticking
coeFFicien£ of P2’ SPZ, in the absencé of ‘'an In surface
population is < 0.01. However, with In and P2 beams
coincident on a (100) InP surface, SP2 = 1. Thus the P
condensation is due to P2 adsorption, dissociation and

2

subsequent reaction with In adatoms to form InP. The
temperature at which P2 + P2 association takes place,
leading to the desorption of P4 molecules, and hence an
implied minimum epitaxial growth temperature has not been
found by MBMS techniques for (100) InP growth from In and

2 beams. Norris <1'31{ however, has reported a

P
minimum substrate temperature for InP epitaxy from In and

P beams of ~ 100°C by RHEED observations, deposited

2
films appearing polycrystalline for growth temperatures

< 100°C.

From the results discussed above in sections 2.3.1 -
2.3.3, it is apparent that above a minimum substrate
temperature, which is particular to each material and also
the group V species involved, epitaxial growth by the

interaction of coincident group III and group V element



~molecular beams is controlled by the arrival rate or flux
level of the group I1II element (JIII> with stoichiometric
growth taking place provided JV > JIII’ where JV is the

group V element flux level. The film growth rate, G_,

T
therefore is limited entirely by JIII and is given by

Gr = JIII/a

(2.10)
where o is the surface density of group III atoms in a
monolayer of the III-V crystal, JV is usually set so

that J J = 5 to 20 for the case of group V dimer

v P oYrIr

(1.1) in order that stoichiometric growth is

species
ensured, with excess group V molecules re-evaporating

from the surface. As discussed in %the following

section a large group V element overpressure ensures
growth under the so-called, 'group V element - stabilised'
condition. Higher group V element flux levels still

are required when the growth temperature is greater than
the maximum congruent evaporation temperature of the
particular III-V compound involved since a certain

overpressure of the group V element is necessary in order

to prevent the decomposition of the substrate crystal.

2.4 Surface Reconstruction in III-V Compounds during
MBE Growth

Surface reconstruction is a re-ordering of the
arrangement of the outermost layer of atoms at the surface
of a crystal, often leading to a translational symmetry
lower than that of the bulk crfstal. The effect is

particularlf pronounced in covalently bonded crystals,



~such as the Il1I-V compounds, where the bonds are highly
directional. Consider the case, for example, of (100)
GaAs which is the most extensively characterised III-V
compound in terms of surface structures. Since GaAs is
composed of alternate layers of Ga and As atoms in the
(100) direction, the surface may be terminated in either

(2.17)

Ga or As atoms. As shown by Cho surface structureé
stabilised with either atoms may be produced during MBE
growth by controlling the relative arrival rates of Ga
and As atoms or the substrate temperature. The most
commonly observed reconstructed surface structures on
(100) GaAs are (2 x 4) and C (2 x 8) for As - stabilised
surfaces, and a rotation of 90° from the As - stabilised
structures forming (4 x 2) and C (8 x 2) structures for
Ga - stabilised surfaces. Schematic diagrams of (2 x 4)
and C (2 x 8) surface structures are shown in Fig. 2.4.
As can be seen from the figure surface atoms in the case
6% the (2 x 4) surface structure have twice the
periodicity of bulk atoms in the [110] direction and 4
times the bulk periodicity in the orthogonal [II0 ]
direction, hence such a structure is labelled (2 x 4);
the C (2 x 8) structure labelling is self-evident from
Fig. 2.3, Such surface structures are observed during
MBE growth using the reflection high energy electron
diffraction (RHEED) technique in which an electron beam
(3keV » 50keV) is incident at a glancing angle of
incidence (< 3°) to the surface of the crystal (see, for

(1.1)

example, Cho and Arthur If the surface is
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-single crystal and atomically flat diffraction lines are
observed on a phosphor screen positioned directly
opposite the electron gun. Surfaceé which reconstruct
to a lower symmetry than the (1 x 1) bulk crystal give
rise to extra diffraction lines in the RHEED pattern and
consequently the symmetry of the surface unit mesh can be
determined by recording the RHEED patternlwith the
electron beam incident in two orthogonal azimuths,
Although the effect of surface reconstruction on
epitaxial film properties is not fully understood, the
observation of reconstructed surfaces such as the (2 x 4)
and (4 x 2) structures is a ugéful means of obtaining well

characterised growth conditions,

2.5 Dopant Incorporation Mechanisms in III-V Compounds
Grown by MBE

Doping of MBE films is achieved by impinging suitable
elements at the substrate in the form of molecular beams
coincident with the main constituent - element beams.
There is considerable difficulty, however, in trying to
predict which elements will be suitable for MBE in that
the doping process necessarily involves both the adsorption
of the impurity on the surface and its subsequent
incorporation into the bulk on a suitable lattice site as
the film grows. Since kinetic processes in MBE are
dependent on both temperature and surface stoichiometry
each potential dopant must be tested empirically under
particular growth conditions. The III-V compound most

extensively studied to date in terms of dopant incorporation



has been GaAs (see, for example, Joyce and Foxon (2'18)).

The GaAs work has highlighted the uUnpredictable nature
of dopant incorporation in MBE films and also the fact
that there are two processes which must be understood in
order to evaluate the mechanisms involved in producing
doped MBE films. The first of these processes is the
interaction behaviour of the dopant with a substrate
surface, especially in the presence of larger constituént
- element fluxes while the second process is the
incorporation and extent of electrical activity of the
dopant in the growing film. Several elements have been
tested as potential dopants in MBE grown GaAs and the
results frowm these studies are now summarised,

Tin. (2.19)

Sn, a group IV element, has a unity sticking
coefficient on GaAs and is incorporated as a donor under
norﬁal MBE growth conditions. Hall - effect mobility
measurements indicate that there is very little
compensation in Sn-doped GaAs films at doping levels

17 and 1018cn 73, however, Sn has a tendency to

between 10
segregate at the growth surface at MBE growth
temperatures > 550°C.

)
Silicon. (2-20)

Although normally an amphoteric dopant in
GaAs, in MBE grown material Si is inéorporated
predominately as a donor, with a degree of compensation
only marginally higher than that produced by Sn. 5i has
a unity sticking coefficient on GaAs at typical MBE
growth temperature (~ 600°C) and produces n —-t?pe films

with free-carrier concentrations in the range 1016 - 5 x



.1018 em > depending on the Si flux level with no

apparent tendency to segregate. The major disadvantage
associated with the use of S5i as an n - type dopant in
MBE is the reactive nature of the element at the high
temperatures (~ 1500K) required to produce an adequate
vapour pressure in a Knudsen oven containing Si.

(2.21) Ge is an amphoteric dopant in MBE grown-

Germanium,
GaAs, the site occupied by the impurity in the latticep
being critically dependent on growth ¢onditions. If the
growth conditions are such that the Ga-stabilised surface
structure is obtained (see section 2.4), Ge is

incorporated predominately aé an accept;r, ie on As sites,
while under As-stabilised growth conditions Ge is
incorporated predominately as a donor, presumably on Ga
sites. Ge-doped films are highly compensated, however,
partiéularly for the case of n - type films and therefore
Ge is not particularly useful as a practical dopant.

4.14
( ) Mg,

Maqnesium. a group II element, is chemically

incorporated into GaAs with a near unity sticking
coefficient but only one Mg atom in 105 is electrically
active. It is interesting to note that the level of
electrical activity of incorporated Mg (producing p-type
material) increases rapidly with Al content in the

AS(4.15)

ternary compound Al ~ Ga . Beyond

1-x
speculation that Mg might diffuse interstitially and
occupy interstitial sites, no experimental information is

available on its incorporation behaviour in MBE grown GaAs.



. Manganese.
readily incorporated in an electrically active form
provided As-stabilised growth conditions are maintained

but it forms a deep acceptor level (113 meV above the
valence band edge) and hence is not fully ionised at

room temperature. Film perfection is found to deteriorate
at doping levels > 1018 acceptors c:rn_3 due to a strong |
interaction of Mn with Ga during growth.

(4.2) Be, a group LI element, is an ideal

Beryllium.
p - type dopant in MBE grown GaAs having a near unity
sticking coefficient and an atom/free-carrier ratio in
GaAs films of =~ 1. P-type déﬁing levels as high as

5 x 10%7 cm™? have been achieved using Be.

Tellurium. (2.23)

Te, a group VI element, has a unity
sticking coefficient on GaAs at typical MBE growth
temperatures. STe is unexpectedly high since Te is a
very high vapour pressure element. Te, however, displaces

arsenic from an As - stabilised structure by forming the

stable compound GaTe and thus is unsuitable as a dopant.

0f other potential dopants, the group II elements,
Zn and Cd, have zero sticking coefficients on GaAs at
temperatures > 100°C (éee chapter 4 for a fuller
discussion of Zn doping) while the group VI elements, S
and Se, have proved useful n - type dopants when
evaporated as lead compounds (PbS, PbSe) from so-called

captive sources (2'24).
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CHAPTER 3

GROWTH OF UNINTENTIONALLY DOPED InP BY MOLECULAR BEAM EPITAXY

3.1 Introduction

The MBE system to be described here was previously

(3.1)

used by Norris to grow unintentionally doped InP

and by Sullivan (3.2)

to grow both unintentionally doped
and Sn-doped InP. As mentioned in chapter 1, the in—“
vacuo substrate cleaning technique used by these authors
which permitted the subsequent growth of epitaxial InP
consisted of argon-ion spuftering followed by annealing,
the precise conditions being 5'30 minute exposure to 500eV
argon ions with an ion-current density at the substrate

n luAcm"2 followed by a 30 minute anneal at 250-300°cC,

the process being repeated three times. Norris (3.1)
has shown that this cleaning technique results in a smoath
crystalline surface as evidencedby the observation of a
é%reaky unreconstructed or bulk-like RHEED pattern
following the cleaning process. In addition, (2 x 4)
surface reconstruction has been observed by Norris (3.1)
during InP film deposition in the substrate temperature

range 300 - 380°C using typical flux levels during film

growth of
JIn = 3 x 1014 em ™2 s"l
and J > lUl5 em™% g1

P2

As discussed in chapter 2, section 2.4, the (2 x &)

reconstructed surface is widely reported for GaAs as being

indicative of As-stabilised growth conditions. Thus, by



~direct analogy the flux levels given above are assumed to
result in the growth of epitaxial InP under P-stabilised
growth conditions,. All the InP films grown by the author,
the characteristics of which are reported in later sections
were deposited under these P-stabilised growth conditions
using In and P2 fluxes similar to those given above.
Also, the argon-ion sputtering and annealing substrate
cleaning technique detailed above was employed throughdﬁt.
In addition to describing the MBE system and
diagnostic equipment chapter 3 discusses the growth and
characterisation of unintentionally doped molecular beam
epitaxial InP. Plasma reflegfivity measurements and
electron channelling analyéis have been used for the
first time in the assessment of InP grown by MBE, the
results obtained being reported in section 3.7.3. In
sectién 3.8 detrimental effects associated with the argon-
ion sputtering and annealing substrate cleaning process

are discussed.

3.2 MBE System and Diagnostic Equipment

The stainless-steel ultra-high vacuum system used in
this work is shown in Fig. 3.1 while the MBE growth
chamber is illustrated schematically in Fig. 3.2. The

pumping system consisted of a 600 L™

diffusion pump
topped with a Vacuum Generators CCT150 chevron-baffled
cold trap and backed by a 200 L mint rotary pump. A
base pressure of ~ 2 x 10h9 Torr was obtained following a

6 hour bakeout of the system at =~ lSOOC, the pressure



FIG.3.1 : PHOTOGRAPH OF MBE
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prior to the bakeout being ~ 5 x 107% Torr due
principally to the presence of water vapour. The ultimate

base pressure was ~ 5 X 10710

Torr achieved using liquid
nitrogen-cooled cryopanels located in the service well of
the vacuum system. A mass spectrum of the residual gases
recorded using a Vacuum Generators (8 quadrupole mass
spectrometer is shown in Fig. 3.3, indicating carbon
monoxide (28 amu) to be the main constituent of the
background gases. Also present in the residual gas
spectrum are argon (from the argon ion sputtering process)
and phosphorus which was never completely removed.

Freshly prepared substrééés (see section 3.5) were
attached to a molybdenum heating blaock through the loading
port shown in Fig. 3.4. The loading port was contained
in a small chamber at the top of the vacuum system and
couid be isolated from the main growth chamber by means
of an interlock valve. The linear motion drive shown in
fig. 3.4 controlled the position of a flap valve which
when in the horizontal position pressing onto a Viton
O-ring seal allowed the pressure in the system to be

maintained at ~ 5 x 10'7

Torr while the small loading
chamber was at atmospheric pressure. The vacuum interlock
facility minimised both the turn-around time and the risk
of atmospheric contamination. Following an initial
bakeout of the system 4 to 5 growth runs could be

performed using the flap valve to re-load new substrates,

thus obviating the need to bake the system after each

re-loading process. The 4 to 5 run limit which
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_ corresponded to 8 to 10 hrs growth time was imposed by
the short lifetime of the InP Knudsen oven charge (see
Section 3.4.2). The bellows shown in Fig. 3.4 allowed
the substrate holder which was located at the end of a
linear motion drive rod and X-Y-Z sample manipulator to
be lowered from the substrate loading port to the growth
plane and also to be positioned at 45° with respect to a
Varian argon ion sputter gun. Also shown in Fig. 3.4"
are the flanges onto which the molecular beam ovens were

horizontally mounted in the growth chamber.

3.3 Knudsen Oven Design

Molecular beam sources for use in MBE systems should
be non-reactive, have low gas evolution at their operating
temperatures and have rapid thermal response with low
radiﬁnt power loss. Ideally the sources should be
Knudsen ovens as described in Section 2.2.

The design of the Knudsen ovens used in this work is
illustrated schematically in Fig. 3.5. Materials with
low outgassing rates were used exclusively in the
construction of the ovens which consisted of a pyrolytic
boron nitride cell, 40mm long and Smm in diameter {(L/r = 16),
in which the source charge was placed. The BN cell was
contained within a necked quartz tube around which a
tantalum heating wire was helicallf wound while tantalum
foil, wrapped onto a gquartz former was used to thermally
insulate the oven and to provide thermal stability. The

oven temperature was monitored by means of a chromel-alumel
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" thermocouple spot welded to a molibdenum disc and placed

in contact with the BN cell. The whole oven assembly

was mounted on a 34mm dia. 4 - way electrical feedthrough
flange and surrounded in the vacuum system by a liquid
nitrogen-cooled stainless steel shroud as shown in Fig. 3.6.
Oven temperatures were stabilised to a level of ¢ 1°c at
950°C using CRL (model 405) three term temperature
controllers; the power consumption of the ovens at 950°C

being ~ 50W.

3.4 Source Material Considerations

The source of predominately P2 molecules used
throughout this work was pre-pulled polycrystalline InP
obtained in platelet form from MCP Ltd. Since data
relating to the electrical characteristics of the material
was not available, its purity was assessed using the
photoluminescence technique. Fig. 3.7 shows a typical
77K photoluminescence spectrum obtained from the InP
source material using the apparatus illustrated in Fig. 3.8.
The half-width of the main luminescence peak at 1.40 eV
of ~ 13meV indicates a free carrier level, ND - NA’ in the

material of ~ 3 x 10%6 cn™? (3.3)

while a degree of
compensation is suggested by the presence of the smaller
luminescence peak at 1.37 eV. Both Zn and Si impurities
have been assigned to a 1.37eV luminescence level observed

in InP material (3'4).

Elemental phosphorus is available
which is purer (99.9999% pure) than the InP source material

used here; however, as discussed in Chapter 2 the growth
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kinetics are substéntially different, implying different
optimum growth conditions, using group V tetramers
molecules as opposed to group V dimer molecules.

99.9999% pure indium supplied by Johnson Matthey Ltd.

was used exclusively as the source of elemental In.

3.4.,) Indium Oven Effusion Species

The V.G. Q8 quadrupole mass spectrometer mounted in
the MBE growth chamber as shown in Fig. 3.2, ie in direct
line-of-sight with the In and InP ovens, was used to
monitor the species effusing from these ovens at their
operating temperatures, typically 850°C and 650°C,
respectively. |

Fig. 3.9(a) records the mass spectrum obtained with
the shutter, which operated on both the In and InP ovens
simultaneously, clased and with the In and InP ovens at
850°C and 20°C, respectively. Under these conditions
oﬁly background gases responsible for a background

? Torr were detected. With the shutter

pressure of ~ 10~
open the only additions to the spectrum were the presence
of In" isotaopes at 115 amu and 113 amu (the accepted

natural abundancies of these isotopes are 95.86% Inlls

InllB) and In®* at 57 amu; the mass spectrum

and 4.16%
recorded with the shutter open is shown in Fig. 3.9 (b).
Thus, it can be concluded that the shutter was effective
in completely blocking the In molecular beam and therefore

that the beam Qas well collimated.
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3.4.2 InP Dven Effusion Species

The mass spectrum recorded with the InP and In
ovené at 650°C and ZUOC, respectively, and with the
shutter closed is shown in Fig. 3.10 (a)j; the cracking

pattern of phosphorus is indicated with peaks at 31 amu

2+ 2+
2 4

(P7).  As shown in Fig. 3.10 (b) the inténsity of each
4

of the peaks detailed above increased by a factor of ~2

(PI and P*Y), 62 amu (P; and P°7), 93 amu (P;) and 124 amu

with the shutter in the open position. This corresponded
to an increase in the partial pressure of phosphorus in

the chamber from 1.2 x 107% Torr to 2 x 1078 Torr. Hence,
it can be concluded that the volatile, high vapour pressure
phosphorus was not evaporated as a collimated beam but
rather heating of the InP created an overpressure of
phosphorus in the vacuum chamber. It should be noted

here that P, and P4 (90% PZ’ 10% Pq) molecules only are
evaporated from an InP Knudsen oven at 650°C (together

with an extremely small In flux) as shown by Farrow (2.1)
from modulated beam mass-spectrometry experiments and thus
the relatively large P4 peak recorded in Figs. 3.10 (a)
and 3.10 (b) is attributed to P, + P, association on
surfaces in the mass spectrometer ion source region;

the P; and P; signals are attributed to dissociative
ionization of P2 and P4 molecules, respectively.

During epitaxial layer growth a constant phosphorus

flux level was maintained by monitoring the peak height
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~of the 62 amu (PZ + PZ+) peak. As the InP source
became depleted of phosphorus it was found necessary to
increase the cell temperature by up to n 20°C in order
to maintain the peak height constant. A phosphorus
debleted InP charge is shown in Fig. 3.11 which

illustrates the accumulation of pure In towards the front

end of the cell.

3.5 Substrate Preparation: Ex-Vacuo:

Saw-cut 0.5 mm thick (100) InP substrate material
grown by the liquid encapsﬁlated Czochralski (LEC) method
was supplied by M. C.P. Ltd. ~ Fe-doped semi-insulating
substrates were used to allow electrical characterisation
of epitaxial layers while Zn-doped p+—type substrates

18 tn™?) were employed in order to facilitate deep

(2 x 10
levél transient spectroscopy measurements (see chapter 6)

on p+—n InP junctions grown by MBE, Substrates having

the dimensions lcm x 0.5cm were attached to a glass block
using dental wax and lapped on a polishing pad (hyprocel
pellon) which was soaked in a 0.5% Br2 - methanol solution.
After a polishing time of 40 - 60 mins. substrate surfaces
were mirror-like and scratch-free with a slight "orange-
peel" appearance being observed by Noﬁarski phase contrast
microscopy. Removal of a substrate from the glass block
was effected by placing the block in warm trichloroethylene,
thus dissolving the dental ﬁax. Substrates were then

rinsed in Analar methanol and blow-dried in a pure nitrogen

stream prior to loading in the vacuum system. A Nomarski
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phase contrast micrograph of the surface of an InP
substrate after polishing is shown in Fig. 3.12.

Although the polishing technique outlined above is
successful in producing smooth and essentially featureless
surfaces, substantial amounts of carbon and oxygen remain

on the surfaces.(z'é)

Furthermore, carbon contamination
in excess of 0.2 monolayers on GaAs substrate surfaces
has been shown to result in deposited GaAs layers

(lﬂl). Therefore

exhibiting twins and surface facetting
it is essential to remove traces of contaminants such as
C and 0 from substrate surfaces prior to film deposition

by some in-vacuo substrate clééning technique.

3.6 Substrate Preparation: In-Yacuo

»Substrate surfaces were atomically cleaned in-vacuo
by a éeries of three 1 hour argon-ion sputtering and
aﬁnealing cycles. 500eV argon-ions were impinged at an
ahgle of 45° with respect to the substrate normal with an

ion current density at the substrate of ~ 1uA cm-z;

annealing temperatures were typically 280°C. Farrow (3.6)
has shown that this technique is effective in reducing the
concentrations of surface impurities, principally C and O,
to below the detection limit of Auger electron spectroscopy,

namely 0.1% monolayer, although Dowsett et al (3.7)

have
detected surface impurities of 600 ppm using the secondary

ion mass spectrometry technique (SIMS),
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In an attempt to observe the sputtered species
produced during argon-ion bombardment the quadrupole mass
spectrometer was mounted in the vacuum chamber as shown
in Fig. 3.13. Zero ionising power was supplied to the
mass spectrometer ionisation chamber so that the instrument
could only resolve ions which were launched directly into
the quadrupele from an external source. Fig. 3.14 (a)
shows the mass spectrum recorded with the substrate
removed from the sputtering position; incident Ar" and
Ar2+ ions were detected. With the substrate lowered to
the sputtering positiﬁn the mass spectrum recorded is as
shown in Fig. 3.14 (b) which iiluatrates the detection of
a smaller proportion of incident Art ions together with
sputtered In* ions, ie secondary In* ions. Secondary P
ions were not detected possibly because sputtered P ions

d (3.8) and as such are not

are negatively charge
observable using the quadrupole instrument in its normal
operating mode. Sputtered impurity atoms were not
observed since their concentrations were well below the
detection limit of the mass spectrometer again in its
normal operation mode. The basic principles of secondary
ion mass spectrometry have been demonstrated here although
modifications would have to be made to the quadrupole
instrument in order to facilitate proper SIMS analysis.

A sputter-rate of =~ ZSUK,hr_l for InP material was
obtained from Talystep measurements on substrates which
were half-covered by Ta foil prior to being sputter-

8] .
cleaned. A total of ~ 375A of substrate material therefore
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was removed during the in-vacuo substrate cleaning process

outlined above.

3.7 Growth and Characterisation of InP Films

Prior to the in-vacuo substrate cleaning process the
In and InP ovens were outgassed for 1 hr at 20°C above
their normal operating temperatures, namely at 8§70°C and
67008, respectively, after the system had been evacuated
to a background pressure of ~ 5 x lO—lO Torr. Following
the substrate cleaning stage the In and InP ovens were
run up to 850°C and 650°C, respectively, with the shutter
in the closed position and maintained at these temperatures
for ~ 15 mins. while the substrate temperature was
stabilised at 360°C in the phosphorus background (1.2 x
1078 Torr partial pressure). Film growth was initiated

by opening the shutter which allowed the In flux to arrive

at the substrate.

3.7.1 Film Thickness Measurement

Substrates were held in place on the molybdenum
heating block by means of a 250um dia. Ta wire which also
effectively ‘'masked' the part of the substrate with which
it was in direct contact. This masking effect allowed
film thicknesses to be determined using both Tolansky

interference microscopy (3.9)

and Tal?step measurement.
Fig. 3.15 (a) shows a Tolansky interference micrograph of
a film (growth time = 1 hr) indicating the presence of two

steps corresponding to two regions of epitaxial film

separated by the masked substrate region. The curved
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“fringes on the right hand side of the micrograph are due
to an edge-rounding effect caused by the chemical
pélishing process which was reproduced bf the epitaxial
layer. A‘TalyStep trace which profiles the same film/
substrate region is illustrated in Fig. 3.15 (b). Both
techniques yielded a film thickness of ~0.5um. A plot
of film thickness against growth time is ;hown in Fig.
3.16, indicating that the film thickness increased with
growth timé in a linear fashion, the éxpefimental points
lying on a straight line of slope 0.5 um he L. The
theoretical In oven temperature required for a film growth
rate of 0.5 um hr_l is n 87000 as calculated using

equations 2.9 and 2.10 which fepresents a 20°C discrepancy
between the theoretical In oven temperature and the
monitored temperature. A similar temperature discrepancy
was found at different growth rates ranging from 0.3 un h]:"'1
to 1 um hr™! and therefore it is concluded that the actual
temperature inside the BN crucible was ~ 20°C higher than
the oven temperature as monitored by the thermocouple.

An In oven temperature of 850°C was maintained
throughout this work which as deduced experimentally
corresponded to a film growth rate of 0.5 um hr~t and
therefore an In flux level at the substrate of

n3 ox 104 cn? gL, The phosphorus flux level was not

directlf determined; however, using the data of Farrow (3.5)

for the equilibrium vapour pressure of P2 over InP and
the Knudsen equation (equation 2.9) a theoretical flux

level of ~ 2 x lO15 cm"2 s'l for P2 molecules is obtained
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for an InP oven temperature of 650°C. Hence, the ratio JPZ/

JIn used throughout this work was >5.

3.7.2 Visual and Microscopic Assessment of Layers

Films deposited under the conditions outlined above
at a typical substrate temperature of 360°C were mirror-
like and featureless‘to the naked-eye while the polished
substrate surface "orange-peel" appearance was reproduced
on the film surfaces as observed using Nomarski phase
contrast microscopy. Fig. 3.17 shows a scanning electran
micrograph of the surface of a lum thick unintentionally
doped InP film at x 10,000 magnification which indicates
that film surfaces were smooth and essentially featureless
on a microscopic level; the particle to the top right

hand corner of the micrograph was located to aid focussing.

3.7.3 Crystallographic Assessment of Layers

The crystallographic quality of MBE grown InP layers
was assessed by both X-ray texture camera (see Appendix A.1)

and electron channelling (3.10)

techniques. Figs.

3.18 and 3.19 show the texture camera and electron
channelling patterns, respectively, obtained from a 1um
thick unintentionally doped film grown onto an argon-ion
sputtered and annealed substrate at a growth temperature
of 3600C. The X—ray diffraction pattern shown in Fig.
3.18 which was recorded using CrK& radiation is indicative

of twin-free (100) orientated single crYstal material

while an electron channelling pattern such as that



FIG.3.17 ;

1jjm
markers

X 10 K MAG

5EM Micrograph of surface of

unintentionally doped InP film.

Tg = 360 C.

Film thickness = 1um .



422

FIG.3.18: Texture camera pattern from an

unintentionally doped InP film.



"illustrated in Fig. 3.19 is only obtained from films

(3.10)‘ The

having a high degree of surface perfection
electron channelling pattern was observed with a scanning
electron microscope operating in the specimen current
mode. The rectangular shaped dark area shown in the
channelling micrograph is the image of an Al contact pad
which was deposited onto the film as part of a Hall—effecf
contact arrangement (see section 3.7.4). In contrast,
Fig. 3.20 shows the X-ray texture diffraction pattern
obtained from a film grown onto a substrate which was not
cleaned in-vacuo by the argon-ion sputtering and annealing
process. Additicnal reflectibns from (111) planes can

be seen in the pattern of Fig. 3.20, indicating the

presence of twins although the film was essentially

epitaxial.

3.7.4 Electrical Characterisation of Layers

Hall-effect measurements (see Appendix A.2) and

(3.11) were used to

plasma reflectivity measurements
characterise the electrical properties of <lum thick
unintentionally doped films and the results obtained using

both these techniques are detailed below.

(a) Hall-effect measurements

Samples were prepared for Hall-effect measurements
as follows: Al contacts were evaporated onto epi—laYer
surfaces through holes in a metal mask in order to form
the 5 pad contact pattern illustrated in Fig. A.2.1; the

Al contacts were shown to be '‘ohmic' at boih 300K and 77K.



Amendment to section 3.7.3

The Electron Channelling Technique

A pseudo Kikuchi effect discovered by Coates \>*10)

using a Cambridge Stereoscan SEM permits a rapid qualitative
assessment of bulk single crystal samples. The effect,

in the form of lines and bands of contrast, is directly
observed in both the emissive backscattered and specimen-
current modes of operation at beam accelerating voltages
from 20kY down to 2kV. A contrast pattern such as that
illustrated in Fig. 3.19 is generated as the angle of the
incident electron beam changes with respect to the Bragg
planes in the specimen. Enhanced electron absorption is
seen in the specimen-current mode of operation when the
incident beam is parallel to a low-index plane. With

this technique, as crystaliographic perfection decreases,
the contrast decreases and the line widths increase, so
that higher order (narrower) lines progressively disappear.
In a scale from 0 to 10 devised by Coates to assess the
quality of specimens relative to a high quality single
crystal having a rating of 10, the channelling pattern

shown in Fig. 3.19 has been given a rating of 7 (3'19).



FIGm3.19 : Electron channelling micrograph

from an unintentionally doped

InP film
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FIG.3.20: Texture camera pattern from an

InP film grown on an

as - loaded substrate.



~Samples were then mounted onto a brass cr?ostat as shown

in Fig. 3.21, electrical contact being made to the Al

pads bf means of gold wires secured with silver dag.

| Unintentionally doped InP films were n-type, the free-
carrier concentrations and electron mobilities in the

films being found to be a strong function of run number
‘following an initial bakeout of the vacuum system.

Fig. 3.22 shows a plot of free-carrier concentration ana
mobility versus growth run number obtained by R.T. Hall-
effect measurements. As can be seen from the figure the

. . 18 -3
free-carrier concentration decreased from 10 cm (run

no. 1) to 2.9 x 1016 cm_3 (run‘no. 5) while electron

2,-1 -1

mobilities increased from 400 cm“V 's (run no. 1) to

2,-1_-1

~v1,000 em“V ™ 's (run no. 5). Typical results obtained

at R.T. and 77K for run no. 4 to 5 films are given below;

) Ny - Ny = 2.9 x 1046cn2
A
2 1 -1 R.T
M = 1000 ecm®V s
N. - N. = 2.2 x 10%%cm™>
b A 77K
2.-1 -1
p = 970 cn®V s

These results indicate a compensation ratio, (ND + NA)/

(ND - NA), greater than 5 at R.T. (3'12).

(b) Plasma reflectivity measurements(3J1)

Plasma reflectivity measurements were made on lum
thick films which exhibited the lowest unintentional doping

levels and highest electron mobilities as measured by the
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‘Hall-effecttechnique, ie films having Ny - N, = 3 x 1016

em™> and p = 1,000 em?yv=ls™d at R.T. Free-carrier

concentrations of «w 1017 cm"3 were obtained by plasma

reflectivity measurements at R.T. while electron mobilities

were in the range 2,500 to 3,000 cmzv_ls—l, indicating a

(3'12). It should

compensation ratio of between 1 and 2
be noted here that the penetration depth of the radiation
in InP material is only ~ 0.5um at the resonant frequency

(3.13) (c.f.

in the plasma reflectance technique a film

thickness of lum).

3.7.5 Photoluminescence from InP Layers

Unintentionally doped InP films (<lum thick) grown
onto argon-ion sputtered and annealed substrates
exhibited zero detectable photoluminescence at both R.T.
and 77K although a very weak P.L. signal was observed
from films which were cooled to 7K (3'14); a typical 7K
P.L. spectrum is shown in Fig. 3.23, indicating band-to-

band recombination at 1.412eV with a peak half-width of

9meV.

3.8 Further Observations Relating to the Argon-Ion
Sputter/Anneal-Cleaning Process

The fact that Hall-effect and plasma reflectivity
measurements made on epitaxial films provided substantially
different results lead to speculation that the substrate/
film interface was seriously influencing electrical
meésurements on epi-layers. In order to VBriFQ this

hypothesis Hall-effect measurements were made on a
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~semi-insulating Fe-doped substrate which had been

subjected to the argon-ion sputtering and annealing cleaning
technique and subsequently removed from the vacuum system
without a film being deposited onto it, The first
observation made when the contact pattern had been layed
down was that the surface of the semi-insulating substrate
exhibited conduction. Hall-effect measurements gave the‘

following results;

' ) 16 -3 :
ND - NA = 3.9 x 10" "cm R.T.
4 o= 786 cmfy gl
le -3
ND - NA = 1.2 x 10" "cm 77K
u = 607 cmZV--ls_1
0
assuming the conducting layer to extend ~ 1000A below the
surface (3'15). Thus, semi—insuléting substrate surfaces

would appear to be converted by the argon-ion sputtering

and annealing process to n-type. Bachmann et al (3.15)

have made similar observations, reporting the measurement
of a o 10002 thick n-type layer with Ny - N, « 1016cn~?
on argon-ion sputter/annealed Fe-doped InP substrates.

A second experiment performed to further investigate
the effect of the ion-bombardment cleaning technique on
substrate surfaces was as follows. An n+—type substrate

18.n=2) which was half-covered by Ta foil

(Sn-doped, 10
was argon-ion sputtered and annealed in the usual manner
and removed from the vacuum s?stem. The photoluminescence

apparatus shown in Fig. 3.8 was used to compare the P.L.

yields from the sputtered and unsputtered areas of the



nT-type substrate. Figs. 3.24 (a) and 3.24(b) illustrate
the R.T. photoluminescence spectra obtained from

sputtered and unsputtered regions of the substrate,
respectively, indicating a 30% reduction in the P.L.
intensity as a consequence of the in-vacuo surface

treatment. Since argon-ion sputtered and annealed

substrate surfaces have been shown to be crystallographically

undamaged by RHEED (3+1)

it is concluded.that the P.L.
yield is reduced due to the creation of deep levels at the

surface which act as non-radiative recombination centres.

3.9 Discussion of Results

The striking feature of the work'déscribed in this
chapter is the influence which the substrate/film interface
has been found to have on the electrical and optical
characterisation of films grown onto argon-ion sputtered
and annealed substrates. Substrate surfaces following
the in-vacuo cleaning technique have been shown to contain
shallow donor and accepter levels as evidencedby the
electrical measurements on treated semi-insulating surfaces
(section 3.8) and also deep levels as evidencedfrom the
reduced P.L. yield from treated n+—type substrates (section
3.8). It is postulated that the deep levels are a
consequence of vacancies (both In and P) or vacancy-complexes
created during the ion-bombardment cfcle while impurities
maf be incorporated from the émbient during the annealing
stage resulting in shallow donor and accepter levels although

shallow level point defects cannot be ruled out.
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Although the surfaces of argon-ion sputtered and
annealed InP substrates have been shown to caontain

microscopic defects (deep traps), Norris (3.1)

reports

that such surfaces are smooth and crYstalline using the
RHEED technique. Norris' observation is confirmed by

the fact that high quality (<lum thick) epitaxial layers
have been grown onto sputter-cleaned substrates as
indicated by X-ray texture camera and electron channelling
analyses (éection 3.7.3). Further e&ideﬁce of the high
quality of the layers is provided by the electrical results
obtained using the non—contacﬁ plasma reflectance technique

(section 3.7.4), ie N, - N, = 1017cm_3 and u = 3,000 cm2

D A
"ol gt R.T., indicating a compensation ratio of between

v
1l and 2, the influence of the substrate/film interface

being minimal on plasma reflectivity measurements. In
contrast, the electrical results obtained by Hall-effect
mgasurehents (section 3.7.4) would seem to suggest that

the layers are of poorer quality with mobilities < 1,000
cmzv_ls_1 at R.T., however, such measurements are seriously
influenced by the conducting substrate/film interface and
therefore are not representative of the epi-layers
themselves.

The extremely weak P.L. response obtained from <lum
thick films grown onto argon-ion sputtered and annealed
substrates (section 3.7.5) is probably a consequence of
luminescence quenching b; deep level non-radiative
recombination centres at the substrate/film interface region.

(3.16)

Stanley has recently grown InP films by MBE using



~source materials and growth conditions similar to those
which have been described in this chapter but the in-
vacuo substrate preparation technique consisted of heating
the substrate to ~ 500°C under 10—6 Torr of arsenic
molecular beam exposure (ie, 3 X 10t4 As, em ?s71) rather
than argon-ion sputtering and annealing. Such films
have exhibited efficient R.T. photoluminescence (°+1¢)
and therefore this result supports the hypothesis of
luminescence quenching by deep level substrate/film interface
states created by the ion bombardment process.

It is apparent from the measured dependence of the
free-carrier concentration in\Unintentionally doped films
on run number (section'3.7.4) that background species in
the vacuum system and/or impurities outgassed from the
Knudsen ovens are incorporated into growing epitaxial
layers as donors (predominately) and acceptors, the
background doping level in films being found to decrease
with increasing system running time. The ultimate
unintentional doping level achieved which was in the range

016 _1pi7,,3

1 10 m was probably additionally limited by the

purity of the source material used (see section 3.4).

Asahi et al (3.17)

have recently reported a SIMS analysis
of InP films grown by MBE indicating Si to be the main
donor dimpurity in the films with the acceptor impurity Mg
and isoelectronic impurities Al and Ga also being detected.
It should be noted that Zn which has previously been
ascribed to an acceptor level in MBE grown InP films from

(3.1)

photoluminescence analysis was not detected in the



_SIMS study. Si has been shown to be responsible for a
shallow donor level in MBE grown GaAs when fused quartz/
Ta resistive substrate heaters are employed (3’18),
resulting in unintentionally doped n~t§ped films. Normally
when Mo heaters are used unintentionally doped GaAs films

(3.18) " It is postulated that Si may have

are p-type
been principally responsible for the n-type nature of the
unintentionally doped InP films grown in this investigation
since both quartz and Ta materials were used in the

construction of the Knudsen ovens (see section 3.3).



Amendment to section 3.7.4

Electrical Charsacterisation of Unintentionally Doped Films

A total of thirty unintentionally doped InP films
were grown by MBE and characterised using the Hall-effect
technique. The variation of carrier concentration and
electron mobility with run number depicted in Fig. 3.22
was repeatedly observed following the InP cell re-charging
process which was necessary after five runs and also a bake-ou}
of the vacuum system. The results given on page 75 which
are described as typical carrier concentrations and
mobilities in run no. 4 to 5 films are in fact mean values
obtained from measurements on some twelve films, the variation
of both ND - NA and s in thes set of twelve run no. 4 to 5
films being < 20%. Of these twelve films four were

characterised using the plasma reflectance technique'(j'll).

The Plasma Reflectance Technique

The reflectivity spectrum obtained from a semiconductor
exhibits a sharp drop fo a minimum known as the plasma
edge, the position of which is dependent on the carrier
concentration. This arises from a resonance between the
incident radiation and the natural oscillation fregquency
of the neultral plasma of free carriers and fixed ions,
which is called the plasma frequency. In the simplest
case, the refractive index below the plasma frequency is
zero and the reflectivity approaches 100%, while above it
the index passes through unity and consequently the

reflectivity falls to a minimum,



Amendment to section 3.7.4 (cont.)

The plasma frequency, mp, is given by

2 1/
(N.-N,)e 2
wo= | 2 AL (1)

where m is the conductivity effective mass, (Np-N,) is
the carrier concentration and ¢ is the high frequeﬁcy
dielectric constant. Thus if the eFfectiQe mass is
known, the carrier concentration may be determined from

a measurement of wp. wp is obtained from the reflectivity

as follows. The reflectivity, R, is given by
2 2
R o= Ln - D7+ Kk (2)
(n + 1) + K?

where n and k are the refractive and absorption indices
respectively. n and k may be found from the complex
permittivity,e(w), which may be written using the two-~

oscillator dielectric model as

2 wLZ’”TZ 00
e(w)=(n-ik)®= |1+ - P (3)
sz—w -lwy w(w+i/t)

where w and wy are the LO and T8 phonon frequencies, =

is the scattering time and v is the phonon damping constant.
The two terms on the right-hand side of eduation (3) give
the sebarate contributions of the lattice and the free
carriers to the permittivity. From a fit to equation (3),
wp can be found énd élso an estimate of 1, and hence the

mobility Wpgps may be obtained. It should be noted that



Amendment to section 3.7.4 (cont,)
Wpg A My (Hall mobility) and in general Wpp is found to
be ~20% less than Wy A disadvantage of the plasma
reflectance fechnique is that the mobility cannot be
determined exactly since t can only be estimated from a

curve fitting procedure.
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CHAPTER 4

ZINC DOPING OF InP BY MOLECULAR BEAM EPITAXY

4.1 Introduction

As discussed in chapter 2 a major disadvantage
associated with the growth of semiconductor materials by
MBE is that in éeneral only elements which have a near
unity sticking coefficient at the substrage temperatures
required for epitaxial growth have been used successfully
as dopants. The problem is particularly acute with
regard to p-type doping of III-V semiconductors. The
group II elements Zn and Cd, for example, which are the
most widely used p-type dopants in other epitaxial growth
techniques have extremely high vapour pressures at the
typical growth temperatures (v 650°C for GaAs or ~ 350°C
for InP). Zn, for instance, has been shown to have a
near zero sticking coefficient on GaAs at temperatures >

08(4‘1).

100 0f the other group II elements Be, which is

a low vapour pressure element, has proved the most
successful p-type neutral dopant used in the growth of

GaAs and Aleal—xAS by MBE having a near unity sticking

(4.2)

coefficient Be, however, is highly toxic and

therefore special safety precautions are required in its
handling.
Several years ago Naganuma and Takahashi reported a

possible solution to the low sticking coefficient problem

(4.3)_

of Zn on GaAs These authors grew p-type GaAs

19 -3

layers doped to a level of ~ 5 x 107 "cm by placing an

s



_ionisation cell at the opening of a positively biased

Zn effusion oven inside their existing MBE growth
chamber. A sticking coefficient of ~ 3% was deduced for
low energy Zn ions (200 eV to 1.5 keV) but the electrical
quality of the as-grown layers was significantly worse

than that of bulk-grown GaAs (447,

(4.5)

More recently Bean
and Dingle employed a differentiaily pumped Zn ion
source external to their growth chamber with mass
selection and neutral beam trapping in order to obtain

+ . C e L .
purely Zn species and to minimise ionisation of the

large (~ 10_6 Torr partial pressure) As background

present during growth. A neaf unity sticking
coefficient was found for Zn' on GaAs (c.f. ~ 10—7 for Zn)
using this sophisticated apparatus. Furthermore, in

contrast to the earlier work, it was found that with a
suitable postgrowth anneal zn” doping produced p-type
layers with low temperature luminescence and hole
aobilities comparable to state-of-the-art LPE layers.

Much less work has been reported on doping studies
of InP grown by MBE,in particular p-type doping has

(4.6)

received very little attention. Miller et al have
reported attempts to produce p-type InP using Be and Mg
but achieved only limited success. These authors also
state that Zn and Cd will not stick on the InP surface
during MBE growth because of their high vapour pressures.
It is not clear, however, whether this statement was

based on experimental evidence or merely an assumption

extrapolated from the results on GaAs.



In view of the information discussed above the
logical approach to Zn doping of InP by MBE would seem to
be via Zn ions as the depant species and hence this was
the method adopted in the work to be described in the
following sections. The design, performance and
operation of a specially constructed low energy ion
source which was incorporated in the InP MBE system as a
source of Zn ions are described in chapter 4 (section 4.2
- 4.6). In the latter part of the chapter (section 4.7)
rather unexpected results pertaining to the incorporation
of neutral Zn into InP grown by MBE are discussed.

4.2 Theory of Ionised-Beam Doping

When MBE layers are doped with ions rather than
neutral species doping levels can be directly and
instantly known by measuring the ion current at the
substrate. In the work described here the ion current
was measured by monitoring the compensating electron
current flowing between the substrate holder and ground.
The method of ion current monitoring used is described in
detail in section ¢&¢.5.

If the effective sticking coefficient s is defined
as the ratio of the number of ions incorporated in the
growing layer to the number of ions which arrive at the
substrate (obtained from the measured ion current), and
if it is assumed that all of the incorporated impurities
are electrically activated, then the doping level N is

given by



N o= 2.25 x 1087 s (3, /d) (em™>) (4.1)

where J; is the ion current density (nA cm2) at the
substrate and d is the film growth rate (um/hr). Hence,
if the growth rate d is maintained constant at say 0.5
um/hr, the doping level is simply proportional to the ion
current density at the substrate during growth and is
given by

17

N = 4.5 x 10 s 3, (cm_3)

(4.2)

Fig. 4.1 shows a plot of the theoretical doping level
against ion current density st the substrate for ionisec-
beam doping. The solid line in Fig. 4.1 is drawn

assuming a sticking coefficient of 0.5 for the ions.

4.3 1lon Source Design

~ The ion source {(termed 'Ioncell! §) described here
was designed and constructed by Oxford Applied Research
Ltd., while the characterisation of effusion species and
assessment of the ioncell performance were carried out by
the author.

Fig. 4.2 shows a photograph of the ioncell which was
designed as a direct replacement for conventional molecular
beam cells mounted on a 70mm 0.D. conflat flange. The
low energy ioncell (200 eV » 2 keV) is illustrated
schematically in Fig. 4.3. Since the ioncell was designed
for operation in an ultra high vacuum system the materials
chosen for its construction have relatively low outgassing

rates. The material used for the electrical isolator

§ Registered trade mark of Oxford Applied Research Ltd.
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FIG.4.2 : PHOTOGRAPH OF IONCELL .
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l(see Fig. 4.3) is a boric oxide-free high purity grade
of hot pressed boron nitride. Other materials of
construction are high purity graphite (le Carbone grade
2239 PT) for the cell; high purity Al,04 for the heater
former; tantalum for the heater winding and heat shield
and Corning grade 9658 machinable glass ceramic for the
filament mount.

The ioncell operates as follows: the dopant chargé
is evaporated on heating through a channel or canal at
the orifice of the graphite cell, the eell being
maintained at a positive potential (200 eV » 2keV) with
respect to ground. .Electrons.From a heated tungsten
filament located out of line-of-sight from the evaporant
are electrostatically focussed into the canal and ionise
some of the emerging vapour by electron bombardment.

Fig. 4.4 shows the geometrical arrangement of the
thermionic filament with respect to the cell canal.
Positive ions formed by electron impact are accelerated
through a grounded exit aperture, Since for doping
applications the ion current density required is very low
(< 1uA cmﬁz), the ionising electron energy is designed for
simplicity to be equal to the selected ion beam energy.
Adequate ionisation is achieved, however, in the source
even at electron energies far removed from the maximum

(n 70 eV for most elements) in the ionisation cross-
section curve due to a high electron reflection coefficient
exhibited by graphite which aids multiple electron

scattering collisions. The magnitude of ion current



FIG.4.4 : loncell thermionic filament



. required is controlled at a fixed cell temperature by

the ionising electron emission current (electron
bombardment current). The electren emission current is
monitored as drain current in the positive high-voltage
supply which provides simultaneously for both ionising
electron acceleration and positive ion potential energy.
Finally, for fixed ionising electron emission current and
ion energy the cell temperature dictates the ion current
obtainable with vaporisation of the dépant proceeding

according to the Knudsen equation (see chapter 2).

4.4 Characterisation of Species Emitted from the Ion Source

It is important to measure the charge and mass
distribution of ion species emerging from the cell in
order to estimate the true doping rate during MBE growth
from the monitored ion current at the substrate. Although
only Zn ion doping by MBE was investigated in this work
an ioncell containing Cd was alsoc fully characterised in
terms of effusion specieé and the results obtained from
both ioncells are described here.

The Vacuum Generators Q8 quadrupole mass spectrometer
previously used to monitor background gases and species
present in the MBE system during growth of unintentionally
doped InP was used to analyse the neutral and ionised
fluxes from both Zn and Cd ioncells. This was possible
since the mass spectrometer could be mounted in direct
line-of-sight of the ioncell. Neutral isotopes were

detected with the quadrupole trap current set to provide



~maximum ionising power at an ionisation potential of

70 eV and with zero volts on the ioncell, while ionised
species were analysed with zero trap current. With the
trap current set to zero the instrument could only mass
resolve ions launched into the quadrupole from an external

source.

4.4.1 Cadmium Ioncell

The mass spectrum of the neutral Cd beam with the
Cd ioncell temperature at 270°C is illustrated in Fig.
4.5(a). The two main groups of peaks are the singly
and doubly ionised isotopes o% Cd as produced and
resolved by the masé spectrometer. All eight isotopes
of Cd are present in their correct percentage abundance
ratios. The superior resolution of the cd™ isotopes

compared to the Cd2+

isotopes is a function of the
quadrupole instrument. Also detected are various
residual gases responsible for a pre-bake system pressure
of ~ 5 x 107° Torr. Fig. 4.5(b) shows the mass spectrum
of 200 eV ions emitted by the Cd ioncell; Cd™ and cd?™*
are present. It can be seen tHat the Cd+/Cd2+ ratios
obtained at ionisation electron energies of 70 eV and

200 eV are very similar; a ratio of ~ 2.5 being found in
both cases. The mass resolution of energetic ions
launched into the quadrupole from the Cd ioncell was
found to deteriorate rapidly at ion energies > 200 eV and

therefore the Cd+/Cd2+ ratio for ions having energies in

the range 200 eV » 2keV could not be determined directly.
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However, it can reasonably be assumed that the ratio
found at 70 eV and 200 eV should remain approximately

constant for ion energies between 200 eV and 2 keV.

4.4.2 Zinc Ioncell

Fig. 4.6(a) records the masé spectrum of neutral Zn
obtained with the Zn ioncell temperature at 320°C. ‘Also
detected are background gases responsible for a system
pre-bake pressure of ~ 5 x 1078 torr. . The five isotopes
of neutral Zn are better resolved in Fig. 4.7. A 200 eV
Zn ion mass spectrum is reproduced in Fig. 4.6 (b); zn”
and Zn2+ are present in the ratio 9.6 : 1. As mentioned
in the preceding section the mass resolution of energetic
ions launched into the quadrupole instrument deteriorates
at ion energies > 200 eV; This fact is illustrated in

Figs. 4.8(a) and 4.8(b) which show the mass spectra of

200 eV ZIn ions and 300 eV Zn ions, respectively.

4.5 JTon Source Performance and Efficiency

The following results pertain entirely to the ZIn
ioncell performance and efficiency, the Cd ioncell results
being very similar.

2*y detected at the

A plot of Zn ion current (Zn™ + Zn
substrate holder as a function of electron emission
current for an ion energy of 2 keV is shown in Fig. 4.9,
the Zn cell temperature being held constant at 320°C.

No correction has been made to account for possible

secondary electron/ion effects. The current due to

ionised background gases was below the minimum detectable
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Clevel, ~ 1 nAlcmhz, with the cell temperature at 20°C
(ie, zero Zn effusion) but with maximum ionising power
(2 keV, 1 mA emission current) on the ioncell. As can
be seen from Fig. 4.9 the Zn ion current at the
substrate increases monotonically over three orders of
magnitude with increasing electron emission current
providing in theory wide control over the acceptor
impurity concentration (see Fig. 4.1). In practice the
Zn ion current required during MBE layer growth was
obtained by setting the ioncell filament current at a
particular level. A calibration plot of Zn ion current
density at the substrate versds ioncell filament current
for various Zn ion energies in the range 200 eV » 2 keV
is shown in Fig. 4.10. The cell temperature was again
held at 320°C.

With a view to optimising the ioncell efficiency the
position of the thermionic filament with respect to the
canal at the cell orifice ésee Fig. 4.4) was varied. The
effect of changing the filament position was to alter the
trajectory of electrons emitted from the filament to the
inner canal wall. Maximum efficiency was obtained with
the filament located directly in line with the cell
orifice plane, shown as position 1 in Fig. 4.11. The
electron current collected in the canal (emission current)
at a particular filament current was found to be
maximised with the filament located in this position.
Fig. 4.1] shows plots of electron emission current versus

filament current for two filament locations. The data
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‘recorded in Figs. 4.9 and 4.10 was obtained with the
filament in the optimum position. An estimate of the
ioncell efficiency, defined as the ratio of Zn ion to Zn
neutral species emitted by the source, can be made using
the ion current monitored at the substrate and the
Knudsen equation for molecular flow as given in chapter
2. From Fig. 4.10 the maximum Zn ion current density

2 with maximum

measured at the substrate was 1uA cm~
ionising power on the ioncell and a cell temperature of
320°C. For a cell temperature of 320°C the Knudsen
equation yields a theoretiéal Zn neutral flux density at
the substrate of ~ 2 x 10%% cn~% s "1, Thus, the

maximum ioncell efficiency n is given by

(ion current density at substrate)/q

n =
neutral beam flux density

_ 1 x107%1.6 x 107*?
2 X lUl4

R

3%

It should be noted here that the neutral Zn flux level of

vo2ox 1014 cm'2 8 -1 required to obtain a maximum Zn ion

current density of 1uA cm—2 at a Zn cell temperature of
320°C is similar in magnitude to the In flux level
(v 3 x 10*% cn? s "l) normally used during epitaxial
growth (see chapter 3).

In order to maintain a constant Zn ion dose at the

substrate, corresponding to a uniform doping profile, an

ion current contrcl circuit shown in Fig. 4.12 was

J7
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tUY

~designed. The circuit operates by varying the ioncell
filament current about a set point in response ﬁo ion
current fluctuations, ie, if the ion current increases
above the desired level the circuit reduces the filament
current and hence reduces the ionising power of the
ioncell. The opposite response results due to a decrease
in the desired ion current level. The circuit shown in

Fig. 4.12 stabilised the ion current at the substrate to

v ot 1%,

4.6 Growth of InP in the presence of 7Zn Ions and Neutrals

A Zn ioncell containing 5 N(8) purity Zn was
incorporated into the MBE system previously used to gréw
unintentionally doped InP as described in chapter 3. The
basic substrate pfeparation techniques, both ex-vacuc and
in-vacuo, and growth procedures outlined in chapter 3
were employed.

A schematic diagram of the growth arrangement with
the Zn ioncell added is SEOWn in Fig. 4.13. As can be
seen from the figure the total Zn ion current arriving
at the substrate during growth was estimated by measuring
the electron current flowing between the substrate holder
and ground. The Zn ion current density (A cm—z) was
calculated from a knowledge of the substrate holder
surface area and the Zn ion flux distribution at the
substrate holder (see Fig. 4.14). lum thick Zn ion-
doped InP films were grown onto Fe-doped semi-insulating

substrates cut 2D off the [100] direction with Zn ion
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~current densities at the substrate ranging from 2nA cm”?

to  1uA Cm-z, corresponding to theoretical doping

levels ranging from 4.5 x 107 en™? to 2.25 x 1020 cn”?
(see Fig. 4.1); the Zn ion energy was 1 keV with the cell
temperature maintained throughout at 320°C. The substrate

temperature during film growth was 360°C.

4.6.1 Visual and Microscopic Assessment of Layers

The Zn ion-doped films appeared mirror-like and
featureless to the naked-eye over the full range of Zn
ion current densities used. Microscopically the surfaces
of the films were also featureless and smooth as shown in
Figs. 4.15 and 4.16. Fig. 4.15 shows a Nomarski phase
contrast micrograph of the surface of an InP film grown
in the presence of a beam of 1lkeV Zn ions (plus Zn
neutrals) with an ion current density at the substrate of
1uA cm"z. A scanning electron micrograph of the same
surface is shown in Fig. 4.16, (The barticle to the
tbp right hand corner of the micrograph was located to

aid focussing.)

4.6.2 Crystallographic Assessment of Layers

The crystallographic quality of as-~grown Zn ion-
doped layers was examined by both X-ray texture camera

(A.1) and electron channelling (3.10)

analyses. Figs.
4.17 and 4.18 show the texture camera and electron
channelling patterns, respectively, obtained from a film

grown in the presence of lkeV Zn ions, the ion current

density being luA‘cm_z. The X-ray diffraction pattern



X400 MAG.

FIG.4.15 : Nomarski phase contrast
micrograph of surface of a

Zn ion doped InP  film.

Jj = 1uA cm

lon energy = IlkeV
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FIG.4.16 : SEM micrograph of surface

of a Zn ion doped InP film

J; = 1uAc m'2

lon energy = 1keV



FIG.4.17 : Texture camera pattern from
a Zn ion doped InP film.

2
Jj = 1TuAcm ™.

lon energy = 1keV.



FIG 418 : Electron channelling micro -

graph from a Zn ion doped
InP film.

J o= 1,aAcm'2
lon energy = 1keV



~shown in Fig. 4.17 which was recorded using CrK&

radiation is indicative of twin-free epitaxial material
and is identical to that obtained from unintentionally
doped films. A high degree of film surface crystallinity
is also indicated by the electron channelling pattern
recorded in ¥Fig. 4.18. Thus the as-grown Zn ion-doped

films were shown to be good quality single crystal.

4.6.3 Electrical Characterisation of layers

The Zn ion-doped films were characterised
electrically by plasma reflectivity measurements since
as discussed in chapter 3 the sputtering/annealing

substrate cleaning procedure converts the surface of
16

semi-insulating substrates to n-type with n =~ 3 x 10 cm”

The result of the electrical measurements was that the

U17 -3

Zn ion-doped layers were n-type, with n = 1 cm and

2 ,-1 -1

o= 3,000 ecm™ V s - at 300K, irrespective of the Zn

ion current density used during epitaxial layer growth.

4.6.4 Chemical Analysis of Layers

Atomic absorption spectrometry analysis (4.7) was

performed on the full range of Zn ion-doped films in
order to determine the level of chemical incorporation of
Zn in the layers as a function of Zn ion current density
at the substrate. The outcome of this analysis was that
all the films had a Zn atom concentration of

20

v 3 x 10 cm-3, irrespective of the Zn ion current

density used. This result lead to spectulation that Zn



o

_neutrals were being incorporated into the growing epi-
layers since Zn concentrations as high as 3 x 1020 cm_3
were not possible from the measured ion current densities
at the substrate. The following section describes
experiments which were performed using a neutral Zn

molecular beam in order to verify this hypothesis,

4,7 Neutral Zn doping of InP

The Zn ioncell was used as the source of a neutral
Zn molecular beam simply by thermally evaporating Zn from
the Knudsen oven with zero ionising power placed on the
ioncell. Tum thick Zn—doped films were grown onto Fe-
doped semi-insulating substrates with the Zn cell
temperature being varied over a range from 190°c to 360°C.

The substrate temperature was maintained at 360°C.

4.7.1 Chemical Analysis of Layers

Fig. 4.19 shows a plot of Zn atom concentration in
the films versus the reciprocal of the Zn cell
temperature. The experimental points were obtained by
atomic absorption Spectrometrf while the solid line
represents the theoretical Zn concentration as calculated
using the standard Knudsen equation for molecular
effusion (see chapter 2) and assuming a unity sticking
coefficient for the Zn atoms. As can be seen from
Fig. 4.19 Zn is chemically incorporated into InP grown by
MBE with a near unity sticking coefficient to
concentrations of ~ 1017 cm™> whence, with higher Zn
fluxes, the Zn content appears to saturate at an

incorporation level of ~ 6 X 1029 o2,
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" 4.7.2 Crystallographic Assessment of Lavers

The neutral Zn doped films were mirror-like and
f;atureless and were shown to be good quality single
crystal by both X-ray texture camera and electron
channelling analyses. Figs. 4.20 and 4.21 show texture
camera and electron channelling patterns, respectively,
obtained from a film having a Zn atom concentration of
3 x 1029 cn™?, Double crystal X-ray diffractometry
analysis (see reference 4.16), which is cépable of
resolving lattice constant changes Aa/a as small as

3

107°%, failed to reveal any ovidence for lattice strain

(as judged by a small change in the lattice constant) in
films with Zn atom concentrations in excess of 1020 cm_3.
A double crystal diffractometry trace which illustrates
the (400) Bragg reflection obtained from a film with a

Zn atom concentration of 3 x 102° ¢mn™> is shown in

CFig. 4.22. The figure shows a single peak with a half-
width of ~ 8 secs. of arc with no additional sidelobes

present which is indicative of strain-free single crystal

material.

4.7.3 Electrical Characterisation of Layers

Electrical characterisation by plasma reflectivity

measurements revealed that the films were n-type, with

017 -3 2 -1 -1

n =1 cm and ¢ =~ 3,000 cm™ V s at 300K,

irrespective of the Zn flux level used. Hence, the
electrical activity of Zn in as-grown films is judged to

be less than 1 : 103,



FIG.4.20 : Texture camera pattern from
a Zn (neutral) doped

InP  film.

Zn atom concentration in

the film = 3 x 10" cm



FIG.4.21

. Electron channelling micrograph

from a Zn doped InP film.

Zn atom concentration in
the film = 3X10 cm A
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.since no apparent change in compensation was detected
(which would indicate the presence of acceptors),

réelative to unintentionally doped material (see chapter 3)
even with a Zn atom concentration within the film as high

as 4 x 102D cm"3.

4.8 Discussion of Results

In contrast to the expected result neutral Zn has
been shown to have a near unity sticking coefficient on

(100) InP grown by MBE at substrate temperatures around

360°C up to concentrations of w 101? en™?. With higher

Zn fluxes the Zn atom concentration in the layers tend to

an apparent saturation level of ~ 6 X lOZD cm—z. It is

possible that 6 x 1029 cp™? represents the solid

solubility limit of Zn in InP grown under non-equilibrium

MBE growth conditions with excess Zn being re-evaporated

at high Zn flux levels (> 3 x 1011 ¢p-2 5"1)

1 (4.8)

. Astles
ef a have reported a solid solubility limit of
v 3 x 1018 en™? for zn in InP grown under the
thermodynamic equilibrium conditions of LPE. This result
reinforces the assumption that the kinetic processes
controlling crystal growth in MBE are far from those
consistent with thermodynamic equilibrium being reached
(see chapter 2).

Zn atom concentrations as high as 4 x 1020 cm—3 have
been achieved in MBE grown InP with no apparent degradation

of either the surface morphology or crystal structure of

the layers as indicated by scanning electron microscopy



[P

and X-ray texture camera analyses, respectively. The
double crystal diffractometry analysis (see section
4.7.2) provides further evidence to suggest that heavily

20

-2
Zn-doped layers (> 10 cm™ ) are strain-free single

crystals. Casey (4.9)

has reported that a double
crystal diffractometry study of bulk GaAs heavily doped
with Zn failed to reveal any evidence for lattice strain

induced by the high Zn impurity concentrations (n 1020

Cmuj)- in marked contrast, Sullivan'(3‘2)

has recently
shown from a Sn doping study of InP grown by MBE that the
InP lattice is distorted by twins as a consequence of Sn
concentrations in the material; deduced from Hall

-
measurements, in excess of ~n 5 x 1018 cm™”, Sullivan

(3.2) postulates that at high Sn doping levels a
proportion of the Sn is incorporated into interstitial
sites causing stacking faults or micro-twins.

In as-grown MBE Zn-~InP less than one incorporated
Zﬁ atom in 103 is judged to be electrically active with
no evidence having been found to suggest the presence of
an appreciable amount of Zn occupying substitutional sites.

A large discrepancy between the concentrations of holes

and Zn atoms in Zn-diffused InP has been reported by
(4.10) 4

(4.11)

several authors including Kundukhov et al

have
17

Hooper and Tuck (4'11). Hooper and Tuck

found surface hole concentrations as low as ~ 5 x 10

en™> obtained by Hall measurements while the Zn atom

concentration at the surface was found using a radiotracer

technique (active 7n? being diffused) to be 2 x 1020 cn?.



In an attempt to account for the inequality found in Zn-
diffused InP between the number of electrically active
carriers and the total number of indiffused Zn atoms

(4.12)

Tuck and Hooper have proposed a model in which most

of the Zn occurs in the form of the complex VPZnIan
with a small proportion of Zn atoms also occupying
substitution and interstitial sites. (VP = a vacant P
site and ann = Zn on an In site). Zn precipitation in
heavily Zn-doped material could also contgibute to a
reduction in the free carrier concentration, Maha jan
et al (4.13) have observed fine precipitates in highly Zn-
doped bulk-grown InP using transmission electron
microscopy.

Mg-doped GaAs grown by MBE also exhibits an
inequality between impurity atom and free carrier

(4.14) found that Mg

concentrations. Joyce and Foxon
has a unity sticking coefficient on GaAs by atomic
absorption spectrometry whereas earlier Cho and Panish
(4.15) deduced a sticking coefficient of » 1077 from
electrical measurements on GaAs films grown in the
presence of a Mg flux, These results indicate that Mg
is incorporated chemically into GaAs with a unity sticking
5

coefficient but only one incident Mg atom in 107 is

electrically active,.

It is postulated that most of the Zn in Zn doped MBE

grown InP is tied up in some form of complex such as that

(4.12)

proposed by Tuck and Hooper to account for the large

carrier/atom inequality in Zn-diffused InP thus rendering



the Zn content electrically in-active. Clearly,
however, there is insufficient data to allow a model to
be proposed to account for the carrier/atom inequality
found in MBE grown Zn doped InP.. An extended
~investigation would be required involving the measurement
of the carrier/atom ratio as a function of both the
growth stoichiometry and substrate temperature in order

to obtain a greater appreciation of the mechanism involved.

&/
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CHAPTER 5

BERYLLIUM DOPING OF InP BY MBE

5.1 Introduction
(4.2)

Ilegems has reported that Be behaves as an
ideal p-type dopant in GaAs and AlXGa1"XAs grown by MBE,
the Be doping level (acceptor concentration) in epitaxial
films being easily contrelled by varying the Be oven

temperature. Be doping levels up to the mid-10%7 cn™?

(4.2)

range have been achieved in both GaAs and Alea As

T-x
with surface morphologies remaining comparable to those
obtained in unintentionally doped films. Furthermore,
the acceptor concentration‘in GaAs films grown at a
substrate temperature of ~ 600°C has been found to be
independent of growth stoichiometry (As rich or Ga rich)
(4.2) indicating that Be is incorporated as a simple
substitutional acceptor on Ga sites. More recently,

Ploog et al (1.4)

have reported using Be as the p-type
dopant in their "nipi" GaAs crystals grown by MBE (see
section 1.1).

Since, as discussed in chapter 2, the general MBE
growth mechanism appears to be similar for most III-V
compounds it is not unreasonable to expect Be to be
incorporated as an acceptor impurity in InP grown by MBE,.
The objective of the work to be described in the following
sections was to investigate the incorporation behaviour of
Be in InP grown by MBE with a view to producing p-type InP

epitaxial films.



5.2 Experimental Arrangement and Observations

In order to facilitate a Be doping study a separate
Knudsen oven containing Be was incorporated into the MBE
growth chamber; the Be doping arrangement is shown
schematically in Fig. 5.1. The Knudsen oven design was
identical to that described in section 3.3 and therefore
requires né further comment. Despité being the purest
material available ; the Be source material used in this
work contained the following impurities: Cu(20ppm), Al(20ppm),
Fe(70ppm),Si(20ppm),Zn(100ppm) and Pb,Mg,Mn,Ma,Cr < 10ppm.

Prior to commencing the doping study the V.G. Q8
quadrupole mass spectrometer was used to observe the species
effusing from the Be oven. Figs. 5.2{a) and 5.2(b) show
the mass spectra recorded with the Be oven shutter in the
closed and open positions, respectively, while the oven
temperature was maintained at 990°cC. In addition to the
residual gases detected with the shutter closed (Fig.
5.2(a)) a small signal at atomic mass number 9 was observed
with the shutter in the open position {Fig. 5.2(b)),
indicating the presence of Be in the mass spectrum. From
the Knudsen equation (equation 2.9) the theoretical Be

flux level, JBe’ at an oven temperature of 990°C is only

§ The Be was supplied by C.T. Foxon of P.R.L.
(Redhill, Surrey).

XAV
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2 x 10%%en%s71 (e.f. 3 x 10 em2g for In at 870°C,
for example). It can be concluded from Figs. 5.2(a)
and 5.2(b) that the Be evaporated as a collimated atomic

beam.

5.3 Growth and Characterisation of Be Doped InP Films

lum thick Be doped InP films were grown onto Fe
doped semi-insulating substrates cut 2° off the [100]
direction at a substrate temperature of 360°C with the
Be oven temperature varied over a range from 720°C to
850°c. The basic substrate preparation techniques, both
ex-vacuec and in-vacuo, and grgﬁth procedures outlined in

chapter 3 were employed.

5.3.1 Chemical Analysis of Films

Fig. 5.3 illustrates a plot of Be atom concentration
in the films versus the Be oven temperature during film
é;owth. The experimental points shown in the plot were
obtained by atomic absorption spectrometry analysis while
the solid line represents the theoretical Be concentration
as calculated using the Knudsen equation (equation 2.9)
and assuming a unity sticking coefficient for the Be atoms.
As can be seen from the figure the experimental points lie
very close to the theoretical curve, indicating that the
Be sticking coefficient, SBe’ is indeed unity or, in other
words, the incorporétion rate of Be atoms is simply equal

to their arrival rate at the substrate. 20°C was added

to each of the monitored Be oven temperature readings in

L RV
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~order to obtain the experimental points shown in Fig. 5.3
since, as discussed in section 3.7.1, the actual oven
charge temperature is =~ 20°C higher than the monitored
oven temperature for the Knudsen oven design employed in

these experiments.

5.3.2 Microscopic and Crystallographic Assessment of Films

The surface of the complete range of Be doped films
appeared mirror~like and featureless to the naked-eye
while the surface morphology observed using Nomarski phase
contrast microscopy remained identical to that of
unintentionally doped InP fiiﬁs even for films having a
Be atom concentration > 1019 cm_3. Hence, surface
roughening at high Be doping levels due to surface
segregation was not apparent. The surface of Be doped
films'also appeared featureless at high magnification;
Fig. 5.4 shows an SEM micrograph (x 10K mag) of the surface
of a film having a Be atom concentration of 2 x 10%cn 2,
(The particle to the top left hand corner of the micrograph
was located to aid focussing).

(A.1) was used to assess the

Texture camera analysis
crystallographic quality of the Be doped InP films. The
complete range of Be doped films with Be concentrations
ranging from 5 x 101 7en™? to 2 x 107cn™? were shown to be
twin-free single crystal-providing texture camera
diffraction patterns such as that illustrated in Fig. 5.5
which was recorded from a film having a Be atom

concentration of 2 x lOlgcm_S.
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FIG.5A : SEM micrograph of surface of

a Be doped InP film.

Be atom concentration

19 ~3
in the film = 2x10 cm .



FIG. 5.5 « Texture camera pattern from

a Be doped InP film.

Be atom concentration

19 “3
in the film = 2x10 cm.



5.3.3 Electrical Characterisation of Films

A great deal of difficulty was experienced in trying
to make good electrical contact to the Be doped films
which was the first indication that the Be was having some
effect on the electrical properties of the films.
VAluminium contacts which were normally "“ohmic" on
unintentionally doped (and Zn doped) InP films exhibited
rectifying characteristics. Zn/Au alloyed contacts were
attempted which are normally."ohmic" on p-type InP but
these contacts were generally unsuccessful on the Be doped
films. Only one Be doped film having a Be atom
concentration of 2 x lDlgcm_BNQas successfully contacted
using Zn/Au alloyed contacts and Hall-effect measurements
on this film showed the layer to be n-type with ND--NA in
the low-10'"cm™ range, indicating the film to be highly
compensated.

5.4 Discussion aof Results

It has been established that Be has a near unity
sticking coefficient on (100) InP grown by MBE at substrate
temperatures around 36000, the incorporation rate of Be
atoms in growing InP films being approximately equal to
their arrival rate at the substrate. Thus, Be doping
levels can be readily controlled by setting the Be oven
temperature to provide the required Be flux level. Since

Be doped films were shown to be twin-free single crystal

by texture camera analysis over the complete range of Be

doping levels, ie 5 x 1017~2x1019cm_3, it can be concluded



that Be is easily accommodated in the InP lattice even

at doping levels > 10"cn™? (3'2)).

(c.f. Sn in MBE grown InP
Moreover, surface roughening due tc Be segregation at
high doping levels was not apparent from Nomarski phase
contrast microscopy observations, the surface morphology
of highly doped films remaining identical to that of
unintentionally doped films. Characterisation of the
electrical properties of Be doped InP grown by MBE was
severely hindered due to problems encountered in making
good electrical contact to‘the films, Since evaporated
Al contacts which were "ohmic" on unintentionally doped
films exhibited rectifying cﬁéracteristics on Be doped
films it is concluded that the Be content was at least
partially activated and consequently altered the
electrical properties of the films. The one successful
Hall-effect measurement which was made on a highly doped
film indicated that the material was still n—typé but
highly compensated relative to unintentionally doped
material which again suggests a degree of activation of

the Be content.
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CHAPTTER 6

DEEP LEVEL TRANSIENT SPECTROSCOPY

6.1 Introduction

Deep levels in the energy gap of a semiconductor
are normally considered as being secondary to shallow
donor and acceptor levels. Impurities responsible for
shallow levels typically have concentrations ranging from

01 cn™? to 1017 cn™® whereas deep levels are normally

1
a consequence of unintentionally incorporated impurities

or lattice defects, such as vacancies, interstitials and
vacancy-complexes, having typical concentrations in the
range 10'% en™? - 10%° en”l. Energy levels more than

v~ 0.1 eV removed from the band edges can be thought of

as deep,

The importance of deep levels in practice lies with
their role as generation-recombination centres or carrier
traps. As G-R centres they can be responsible for a
sharp reduction in minority carrier lifetime and diffusion
length which may, for example, 1limit bipolar transistor
performance. They give rise to excess leakage currents
in reverse-biased p-n junctions, dark cunrent in IR
detectors or photo-cathodes and noise in Gunn diodes.
One of their more serious manifestations is as non-
radiative recombination centres in light-emitting diodes
or lasers, resulting in reduced radiative efficiency.

A convenient and powerful technique for characterising

deep level traps in semiconductor materials involves the

measurement of the capacitance of a p-n junction or

14|
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Schottky barrier diode. The so~called capacitance
transient technique which was first used by Williams
(6.1) provides a sensitive measure of the charge state
of a deep trap. Information about a deep level in the
depletion region of a p-n junction or Schottky barrier
diode can be obtained by observing the capacitance
transient associated with the return to thermal
equilibrium of the occupation of the level following aﬁ
initial non-equilibrium condition. The time constant
of the transient can be measured as a function of
temperature and the activation energy of the level
obtained. The initial magni£ude of the transient is
related to the trap concentration.

A highly sophisticated form of the capacitance

(6.2) and is

transient technique was developed by Lang
known as deep level transient spectroscopy (DLTS). The
essential feature of DLTS is the ability to set an
émission—rate window such that the measurement apparatus
only responds when it sees a capacitance transient with
a rate within this window. The DLTS technique is able
to distinguish between majority and minority carrier
traps and provides information about the concentrations,
energy levels and capture rates for these traps. In
addition the technique is spectroscopic in nature in the
sense that the signals due to different traps can be
resolved from one another and are reproducible in

position when plotted against a single variable, namely,

the sample temperature. DLTS is alsc capable of



- measuring traps over a wide range of depths, including
both radiative and non-radiative centres.

As is the case for doping studies of III-V
semiconductors grown by MBE it is GaAs which has been
the most extensively studied material with regard to deep
traps. Fifteen different electron traps with thermal
activation energies to the conduction band ranging from
0.83 eV to 0.15 eV have been characterised in VPE, MBE
and bulk-grown GaAs from DLTS experiments, These traps

(6'3). In contrast

have been catalogued by Martin et al
no electron traps have been detected in unintentionally
doped LPE grown material. One of the striking results
of the work on GaAs is that many different electron traps
are found in VPE, MBE and bulk-grown materials but only
a few of them are common to the different methods of
crystal growth.

It has also been shown in the case of epitaxial

GaAs that growth parameters such as substrate growth

temperature and surface stoichiometry during growth, can

have a profound effect on the concentration of deep traps.

For example, Stall et al (6.4)

have reported an increase
in the concentrations of three traps, termed M1, M2 and
M3, in MBE grown GaAs as the growth temperature is
lowered below n SODOC, the normal growth temperature
being =~ 650°¢C. Trap M3, for instance, increases in
concentration from 10°% cm™> to 2 x 10%” cm™> as the
substrate growth temperature is lowered from 550°C to

430°C.

LSS
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In contrast to the extensive work on GaAs the study
of deep traps in InP is only in its infancy. Several
deep electron traps have already been detected, however,
in VPE and bulk-grown InP by DLTS as reported by White

(6.5) and Wada et al (6'6).

et al Only one of the traps
detected in InP has been assigned to a particular
impurity or lattice defect. Recently, Bremond et al
(6.7) have shown that a commonly found trap in both VPE
and bulk-grown InP having a thermal activation energy of
0.63 eV to the conduction band is due to a residual Fe
impurity. To date, however, no results have appeared
in the literature on deep tra§ studies of InP grown by
the MBE technique.

The aim of the work to be described in chapter 6
was to construct a DLTS system in order to facilitate
the detection and possible identification of deep traps
in MBE grown InP. A principle objective behind this

work was to provide feedback information to improve the

quality of InP grown by MBE.

6.2 Principles of DLTS

Before beginning a discussion on the principles of
DLTS an explanation is required concerning the two types
of trapping centres, namely, majority carrier and minority
carrier traps. In the case of n-type material majority
carrier traps are termed electron traps whereas minority
carrier traps are termed hole traps. The converse

terminology applies to p-type material. Thus, when



Schottky-barriers are employed on n-type material only
majority~carrier or electron traps can be observed since
Schottky-barrier diodes are majority-carrier devices.
Minority-carrier or hole traps, however, can be detected
using p+—n junctions since holes can be injected into
the n-type material by forward biasing the p+-n junction.

Consider a Schottky-barrier or p+—n Jjunction
containing a shallow level with nett donor concentration
ND--NA and a deep level electron trap at an energy ET
below the conduction band having a concentration NT' A
schematic band diagram of such a junction under reverse-
bias is shown in Fig. 6.1.  In the DLTS technique the
diode is repetitively pulsed either from a reverse-bias
level to zero-bias (for the case of majority-carrier
traps) or pulsed into forward-bias (for the case of
minority-carrier traps in p+~n junctions). The diode
transient capacitance responses for both these cases are
;hown in Fig. 6.2.

As mentioned in the introduction the essential
feature of DLTS is the ability to set an emission-rate
window such that the measurement apparatus only responds
when it sees a capacitance transient with a rate within
this window, Thus, if the emission-rate (or the
reciprocal of the capacitance transient time constant)
is varied by varying the sample temperature, the
instrument will show a response peak at the temperature

when the trap emission-rate is within the window. The

DLTS apparatus described in detail in section 6.3 makes

140



FIG.6.1 : Energy band diagram for a
reverse-biased Schottky
barrier or p-n junction
indicating the states of the
traps in the depletion region
W otraps empty ande traps
filled with electrons.

V = bias voltage
V, = diffusion voltage
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~use of two sample~and-hold circuits triggered by a
double pulse generator which allows the emission-rate
window to be precisely determined. The outputs of the
sample-and-~hold circuits are coupled to a difference
amplifier (see section 6.3) which outputs a signal
‘proportional to the difference in the capacitance
readings AC measured at two times, tl and t2 on the
transient. The formation of a DLTS response peak is
illustrated in Fig. 6.3.

A relationship can be derived between = the

max?

value of 1 (the capacitance transient time constant) at

the maximum value of C(tl) —‘C(tz) (see Fig. 6.3) for a

particular trap, and the two sampliny times, tl and tz.
The quantity which has been loosely referred to as the
'rate window' is now defined to be Tmax—l' Assuming

the transient to be a pure exponential then C(t1) -

C(tz) is given by

C(tl) - C(tz) = oC = const. exp (-t1/r)

- exp (-t,/x) (6.1)

Differentiating AC with respect to t and equating d(aC)/
dt to zero yields the result that AC is a maximum when

max
1n (tz/t1)

from the principle of detailed balance the electron

thermal emission from a trap can be written as (6.2)

—

aE
-~ —— 6.3
% = ovy N g . exp[kT] (6.3)

e Jd



for the case of electrons emitting to the conduction
band with a thermal activation energy AE. The other

terms in equatiaon 3 are as follows;

vth = mean thermal velocity of the electrons.

o = capture cross-section of the trap.

NC = density of states in the conduction band.
g = degeneracy of the trap level.

A similar expression holds for holes emitting to
the valence band. N, and vth are both temperature

dependent and are given by

. 13/2
NC = 2 2ﬂmdkf (6.4)
2
h
v 2 (6.5)
Yeh = kT e
m
c
where my and m_ are the density of states mass and
conductivity mass, respectively. Thus, the product
Vinh NC may be written as
V.. N = A.T? (6.6)
th "¢ ' '
where A is a constant term given by
3/, 1/,
A= 2 0 2um gk 3k (6.7)
2 Mo
h

The emission time constant can therefore be corrected
for the temperature dependence of the pre-factor in

equation 3 and the detailed balance equation can be



written as

AE (6.8)

Tiz = (A o 9)'GXPEET]
T

assuming the trap capture.cfoss—section o to be
independent of temperature.

Since the emission time constant Thax corresponding
to the maximum of a trap peak observed in a DLTS thermal
scan is a precisely defined quantity given by equation 6.2

the detailed balance equation can be specifically written

as
b€ (6.9)
1 = (Ao g) . expF .
T T2 P
max p
where, Tp = Temperature at which aC is a maximum.

An Arrhenius plot of 1n (TTZ) versus 1/7 therefore
yields AE, the thermal activation energy of the trap,
while the trap capture cross-section o can subsequently

be calculated using equation 6.9.

6.3 DLTS Measurement System

The DLTS apparatus is shown in Fig. 6.4 while the
system is illustrated in block diagram form ig Fig. 6.5.
The functions of the various components of the DLTS
measurement system are now described with reference to
Fig. 6.5.

A diode is thermally scanned through a range from 77K to

~ 400K by means of the variable temperature cryostat.

191



FIG.6.4 : Photograph of DLTS apparatus.
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The diode temperature is monitored by the digital
thermometer, the analogue output of which is used to
drive the X-movement of the X-Y recorder. The leading
edge of a pulse from the single pulse generator is used
to trigger both the opto-isolator circuit (shown in
detail iﬁ Fig. 6.7) and the double pulse generator.

With each triggering pulse the diode is switched from a
steady-state reverse-bias level to zero-bias for the
duration of the pulse. Hence, the capacitance meter
monitors the diode capacitance which changes abruptly
from a steady-state leVel; ie, the éapacitance af the
diode at a particular reversé;bias voeltage, to a new
level corresponding to the diode capacitance at zero-
bias. If a deep trap is present the capacitance signal
from the meter will be transient in nature as the diode
capacitance returns to the steady-state level, The
function of the double pulse generator is to provide two
1ndependent output pulses of pulse width ~ 20 us after
specific time intervals from the leading edge of the
triggering pulse from the single pulse generator. The
two pulses are used to trigger sample-and-hold units
contained in the signal analyser (see Fig. 6.6). This
results in the capacitance transient being sampled at

two predetermined points in time. The capacitance
transient signal analyser shown in Fig. 6.6 which is a _
modified version of the circuit proposed by Guldberg (6.8)
gives an output which is proportional to the difference

in the capacitance readings at the two sampling times.

1 iy
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Since the capacitance meter requires that its test
terminals be floating at all times a diode pulsing
circuit was designed which employs an opto-isolator IC.
The operation of the opto-isolator circuit which is shown
in Fig. 6.7 is as follows: When the signal From.the

single pulse generator is LOW the L.E.D. is OFF and

therefore the transistor is OFF. Thus, point A sits at

+V volts and the diode sample is in reverse-bias. When
the pulse is ON the transistor conducts and hence the

2.2nF capacitor can discharge through the 1lko resistor.
Bias can be applied to the diode via. bias terminals at
the rear of the capacitance ﬁéter and with bias applied

as shown (note the polarity) point A drops to zero volts

when both DC supplies are equal. Mence, for the duration

of the pulse the diode is at zero bias. When the pulse
goes LOW the diode is returned to the reverse-bias level.
It should be noted here that with the arrangement shown
in Fig. 6.7 diodes could not be forward-biased and
therefore minority carrier traps were not observed in

the experiments detailed in this echapter.

6.4 DLTS of GaAs Grown by VPE

Initial experiments were performed on VPE grown
n-type GaAs layers supplied by D. Allen of the British
Telecom Research Laboratories, Martlesham Heath. These
experiments were designed essentially to calibrate the
DLTS system using a material which is well characterised

in terms of deep traps.

~t



DLTS measurements were made on n-type GaAs

15 en=y grown by VPE onto

(sulphur doped, n = 3 x 10
n+~type substrates. Schottky diodes with a barrier
height of ~ 0.8 eV were formed by evaporating 500 um
‘diameter Ni dots onto the epitaxial layer surface
(through a mechanical mask) while a AuGeNi eutectic
was used to form an ohmic contact to the substrate.
Diodes so formed were bonded onto T05 headers (see
section 6.5.1) with conducting epoxy, mounted in the
variable temperature cryostat, and a copper-constantan
thermocouple was spot-welded onto the header.

The GaAs Schottky diodeSRWere pulsed from a reverse-
bias level (typically 1 volt reverse-bias) to zero-bias

at a 10Hz repetition rate and 5ms pulse duration, and

thermally scanned from 77K to ~ 400K.

6.4.1 Results

A typical DLTS spectrum obtained from VPE grown

GaAs is shown in Fig. 6.8. The emission time constant
Thax W&S 6.49 ms resulting from sampling times, tl and
t2 of 3.26 ms and 11.36 ms, respectively.

The presence of a single deep electron trap is
indicated from Fig., 6.8 with the DLTS spectrum peaking
at Tp = 381K, No other deep traps were detected in the
range 77K to 300K. Fig. 6.9 illustrates a set of DLTS

spectra recorded for various settings of = In

max "’

order to vary =t both tl and t2 were changed; however,

max
the ratio tz/tl was kept constant. By employing the

(pule]
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constant tz/tl ratio technique the peak shape remains
unchanged for different rate-window settings.

The temperature dependence of the emission time
constant for the trap is shown Fig. 6.10 which is an
Arrhenius plot of 1n (TTZ) versus 1/T. The experimental
points on the plot were obtained from the values of Thax
and Tp for each of the peaks recorded in Fig. 6.9. A
least-square regression analysis of the experimental
data shown in Fig. 6.10 yields a thermal activation
energy for the trap of 0.82 eV X 0.02 eV.

Referring to the detailed balance equation given in
section 6.2, equation 6.9 and assuming emission of electrons
from the deep level takes place to the L conduction band

minima rather than the lower T band minimum (see the

following discussion) then the constant term A is given

by
A (GaAs) = 4x1021 cp2g-1k2
i since, mg = 0.55 my (6.9)
and mt = 0.1l m (6.10)

where, me is the electron rest mass.

Hence, using Toax = 6.49 ms and Tp = 381K, for

l/2 (6.9)

example, and g = , the trap capture cross-

section ¢ is calculated from equation 6.9 to be

o = 4.5 x lO"14 cm2

PO
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6.4.2 Discussion

A deep electron trap has been found in GaAs grown
by VPE having a thermal activation energy of 0.82 eV *
0.02 eV and a capture cross-section of 4.5 x 10714 cn?,
This result is in good agreement with published data for
a 0.83 eV deep electron trap commonly found in both VPE

and bulk-grown GaAs (6.9, 6'11).

A comparison can be
made with data reported on the 0.83 eV trap from other
laboratories by plotting the 1n (TTZ) versus 1/T curve
presented here together with those curves obtained by
other laboratories on a single graph; Fig. 6.11
illustrates such a graph. iﬁ addition to the author's
results the lines shown in Fig. 6.11 were originally
catalogued by Martin et al (6'3).

A comparison of the type shown in Fig. 6.11 is the
best way to relate traps observed in different laborat-
ories. The DLTS peak position at a fixed rate-window
is more specific of a particular deep level than is the
energy level alone since the DLTS peak position contains
information on theAcapture cross-section as well as the
thermal activation energy of the trap. |

(6.9) have shown that

Majerfeld and Bhattacharya
electron emission from the 0.83 eV level in GaAs occurs
to the L band minima rather than to the lower r
conduction band minimum, hence the reason L band data
was used in calculating the constant term A in the

detailed balance equation {equation 6.9).

Much effort has been devoted to the identification
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of the 0.83 eV level in GaAs, however, the origin of

the trap is still the subject of controversy having been

(6.12)

variously assigned to impurity oxygen and a

Ga-vacancy or vacancy complex (6‘13).

6.5 DLTS of InP Grown by MBE

Initially, unintentionally doped InP films were
grown by MBE onto n”-type substrates (Sn-doped, 1018 cp~’
in order to facilitate DLTS measurements en the
material, The formation of low-leakage Schottky-
barriers on the as-grown epi-layers, however, proved to
be a difficult problem. Sevéfal metals were deposited
by vacuum evaporation onto the epi-layers, including Al,
Au, Ag and Sn. These contacts, however, exhibited
ohmic behaviour which is in contrast with the behaviour
of metal-GaAs contacts which normally result in Schottky-
barriers. Rectifying contacts were obtained by vacuum
&éposition of the metals mentioned above onto MBE grown
InP epi-layers which were held at »~ 250°C for 5 mins in
a 10_5T vacuum prior to the metal evaporation process.
These contacts, however, exhibited vgry 'leaky' reverse-
bias characteristics.

In view of the difficulties found in fabricating
good, low-leakage Schottky-barriers on as-grown InP,
films were subsequently grown onto p+—type substrates in
order to form p+—n Junctions, therefore obviating the

need for Schottky-barriers. The following section

describes the growth of p+~n InP junctions by MBE.

100



6.5.1 InP p*-n Junction Fabrication

For the purpose of DLTS measurements, 2um thick

unintentionally doped InP layers (residual n-type, ND-

= 1016 - 1017 cm"3 were grown onto argon-ion sputter-

A
+_ . 18 -3
cleaned p -type substrates (Zn-doped, 2 x 10 cm 7)) .

N

The growth conditions were identical to those described
in chapter 3, ie, a P-rich growth condition was
maintained‘throughout. The substrate grbwth
temperature however, was varied over a range from 250°C
to 360°C. Ohmic contacts were formed on both the n-

and p+—type surfaces of the samples using Sn/Ni and Zn/

Au evaporated contacts, respectively. Annealing of the
ohmic contacts was done at 300°C for 1 - 2 mins in a
forming gas ambient. The p+~n junction diode area was

defined by the epi-layer ohmic contact dimension (1mm
dia. dot), with the p*-type ohmic contact covering the
whole of the back substrate surface area. Fig. 6.12(a)
shows a schematic diagram of the InP p”-n junction diode.
Diodes so formed-were bonded onto TO05 headers using
conducting epoxy with contact to the epi-layer being
made using the thermal-compression gold wire bond
technique. Fig. 6.12 (b) shows a sample bonded onto a
T05 header ready for DLTS measurements.

The I-V characteristics of a diode grown at 360°¢C
are shown in Fig. 6.13. As can be seen from the figure
the diode has a good, low-leakage reverse-bias

characteristic, the leakage-current at 2V reverse-bias,



gold wire
Sn/Ni

( 2pm thick MBE layer \

p - substrate

\rtr77/ It rr-T—1n (
Zn/Au contact

(a)

FIG.6.12 : InP p?*-n junction.
(a) Schematic diagram.

(b)Diode on TO5 header



FIG.6.13 : |I-V Characteristics of an
InP  pF-n junction grown
by MBE. Tg = 360°C.

Horz. 1V/div j Vert. I00pA/div



for example, being ~ 10uA. The reverse-bias
characteristic, however, was found to deteriorate
rapidly for diodes grown'at temperatures <300°C and
consequently DLTS measurements were only made on diodes
grown in the temperature range from 300°C - 360°C.

Room temperature C-V measurements (see Appendix A.3)
were made on the diodes prior to mounting them in the
DLTS rig in order to determine the shallow donor
concentrations in the films. Fig. 6.14 shows a c?
versus V plot for a diode grown at 360°C. The slope of
the straight line in the figure yields a nett donor
concentration, Ny-N, for the film of ~ 4 x 1076 cn™?,

This result compares favourably with Hall effect

measurements on films grown at 360°C (see chapter 3).

6.5.2 DLTS Results

InP p+-n junctions were pulsed from 1V reverse-
bias (typically) to zero-bias at a 10Hz repetition rate
and 500ps pulse duration, and thermally scanned from 77K
to 300K. Diodes were not heated above 300K since leak-
age currents were found to increase rapidly beyond room
temperature due to the low contact potential (0.5 eV) of
the diodes.

fig. 6.15 shows a typical DLTS spectrum obtained

from unintentionally doped InP grown by MBE. The

sampling times, tl and t2 were 5ms and 25ms, respectively,

resulting in an emission time constant Tmax of 12.4 ms.

The presence of a single deep electron trap is
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indicated with the DLTS spectrum peaking at Tp = 238K.
No other deep traps were detected in the temperature
range from 77K to 300K,

The temperature dependence of the emission time
constant for the trap is shown in Fig. 6.16. A least-
square regression analysis of the experimental data
shown in the figure yields an activation energy for the
#trap of 0.59 eV + 0.02 eV. Again referring to the
detailed balance equation given in section 6.2,
equation 6.9 and assuming the trap couples with the L band
minima rather than with the lowerT band minimum (see the

following discussion) the constant term A for InP is

given by
A = 4.77 x 10%% en~2s7 k2
since, my = 0.78 m_ and m_ = 0.22m
e c e
) Thus, using Tmax = 12.4 ms and Tp = 238K, for

example, and g = 1/2, the trap capture cross-section o

ig calculated from equation 6.9 to be

c = 1.8 x 10_12 sz

The trap concentration NT in the depletion region

can be estimated from an expression given by Lang (6.2)
as

NT = 2(ND—NA)AC/C0 (6.10)
where AC is the capacitance change at time t = O,

corresponding to the falling edge of the bias pulse, and
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Co is the diode capacitance under quiescent conditions.
'Fig. 6.18 shows a plot of NT versus the substrate growth
temperature for three values in the temperature range

from 300°C to 360°C.

6.6 Discussion of Results

A dominant deep electron trap has been detected for
the first time in InP grown by MBE having a thermal
activation energy of 0.59 eV and a trap capture cross-

section of 1.8 x 10722 cm?.  The trap is similar to that

observed by White et al (6'5>, labelled as trap S, and by

(6.6)

Wada et al y, labelled as trap D, in VPE éﬂd bulk-

grown InP. Wada et al have found evidence to suggest
that their trap D (AE = 0.59 eV, o = 1.9 x 107 1% cn?)
couples with the L conduction band minima rather than with
the lower T conduction band minimum. The conclusions of
Wada et al with regard to the interaction of three deep
levels, namely, A, Dnand E at 0.34 eV, 0.59 eV and 0.63 eV,
respectively, with the conduction bands of InP are
summarised in Fig. 6.17. | As can be seen from the figure
traps A and D couple with the L band minima while trap E
couples with the lower I conduction band minimum.

The concentration of the 0.59 eV trap in MBE grown
InP has been found to be dependent on the substrate
growth temperature. For example, the trap concentration
increases from 9 x 10%% cn™® to 3 x 101° cn™? as the

substrate growth temperature is lowered from 360°C to

300°C., - It is postulated in direct analogy with results
, g

%
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reported on the substrate growth temperature dependence

(6.4) that

of trap concentrations in GaAs grown by MBE
the 0.59 eV trap in MBE grown InP is due to In-vacancies
or In-vacancy complexes formed during epitaxial film
growth. In-vacancies or complexes involving In-vacancies
and impurities are expected to be created in films grown
under P-rich growth conditions, ie, with excess P presenf
during growth. The formation of such defects will be
enhanced at lower substrate growth temperatures due to

an increase in the P surface population.

The influence of growth parameters on defect
generation is not confined to the MBE growth technigue.
For instance, the concentration of tne 0.B83 eV electron
trap in VPE grown GaAs has been found to depend on both

the substrate growth temperature and the AsSCl, mole

3
fraction in the reactor tube during growth. Ozeki et

al §6.15) have observed an increase in the 0.83 eV trap

concentration from 5 x 1012 cn™> to 5 x 10%% cn”> as the
growth temperature is reduced from 1030°C to 900°cC.
These authors also report an increase in the trap

concentration from 1 X 1013 cm_3 to 2 x 1014 cm—3 as the

AsCly mole fraction is increased‘From 1 x 1077
It is interesting to note that no electron traps have
been detected in either GaAs or InP grown by the LPE
technique which corresponds to the extreme limit of
group IIl-rich growth conditions.

The creation of lattice vacancies or vacancy-

complexes during epitaxial layer growth is of

to 9 x 1072,

177



. fundamental importance with regard to mechanisms
governing the incorporation of elements as donors and/or
acceptors. The interplay of vacancy generation and
impurity element incorporation as a Function of surface
stoichiometry during growth is discussed in more detail

in chapter 2.
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Amendment to.section 6.5

A total of ten 2um thick unintentionally doped films
were grown onto Zn doped p+~t9pe substrates in the
temperature range from 300 - 360°C and ohmic contacts
were made on all ten samples. Of the ten diodes
fabricated seven were found to be suitable for DLTS
measurements, exhibiting 1-V and 1/C2«V characteristics
such as those illustrated in Figs. 6.13 and 6.14. Since
the DLTS spectra obtained from the seven 'good' diodes
peaked at the same temperature for a fixed rate wiﬁdow
setting, the estimated accuracy in the temperature
measurement being b 0.5K, it was concluded that the trap
was identical in all but density (trap density being a
function of peak height rather than peak position) in each
of the diodes tested. Cansequently the activation energy
plot illustrated in Fig. 6.16 was only plotted once. The
errors given in the estimation of AE and o arose from the
least-square regression analysis of the experimental points

in this activation energy plot.
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CHAPTER 7

CONCLUSIONS

7.1 Growth and Characterisation of Unintentionally
Doped InP

It has been shown that the commonly adopted in-vacuo
substrate cleaning technique of argon ion sputtering
followed by annealing produces a thin conducting layer at
the surface of semi-insulating InP substrates. The

conducting layer is n-type as measured by the Hall-effect
16 17 -3
-107 "¢

with ND—NA in the range 10 1 m 7. Sullivan and

Park (7.1) have recently found the layer to be an n-type
0

spike with an approximate half-width of 1,000A using a

B.T.R.L. automatic C-V profiler (7'2).

The layer has

also been shown to contain deep level carrier traps which
act as non-~radiative recombination centres as deduced

from an observed reduction in the photoluminescence yield
from sputter~cleaned n+-type InP substrates. A consequence
of the conducting layer is that the characterisation of
both the electrical and bptical properties of subsequently
deposited MBE films is seriously influenced by the presence
of the substrate/film interface layer. It has been
demonstrated that Hall-effect measurements on <lum thick
InP films grown by MBE onto sputtered and annealed
semi-insulating substrates are not representative of the
epitaxial layers themselves, typical results from

16

unintentionally doped material being N.-N,= 3 x 10%%cm™~

D A
and u<l,D(]Ocszw']:»sm1 at R.T. The results obtained from

1oV



plasma reflectivity measurements, on the other hand, are
more representative of the films since the infrared
radiation only penetrates ~ 0.5um into the films at the
resonant frequency. Since higher R.T. electron mobolities
were obtained using the plasma reflectance technique,

typically in the range 2,500 » 3,000 en?y s with

17 =3
c

N.-N,=10 m ~, it is concluded that Hall-effect

D A
measurements are degraded on account of the substrate/
film interface layer. The interface'layer which has

been shown to contain non-radiative recombination centres
is also thought to be responsible for the extremely weak
photoluminescence yield (only.detectable at 7K) from

<lum thick InP films grown onto sputtered and annealed
substrates. This conclusion is supported by the fact
that Stanley (3.16) has récently grown InP films
exhibiting efficient R.T. photoluminescence which were
grown by MBE onto heat-cleaned substrates as opposed to
érgon ion sputtered and annealed substrates. The heat-
cleaning technique employed by Stanley consisted of
raising the substrate temperature to »~ 500°C for a few
minutes . under exposure to a large phosphorus flux. The
growth of epitaxial unintentionally doped InP films,
however, has been demonstrated onto sputtered and annealed
substrates as indicated by texture camera and electron
channelling analyses, implying that sputtered and annealed
substrate surfaces are crystallographically undamaged on

a macroscopic level.
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7.2 Growth and Characterisation of 7Zn and Be Doped InP

Contrary to the expected result, Zn has been shown
to have a near unity sticking coefiicient on (100) InP

grown by MBE at substrate temperatures around 360°C up

to concentrations of w 1Dl9cm—3. This result is

unexpected on account of the high vapour pressure of Zn

2

at 360°C (2x10 “Torr) and also in view of the fact that

Zn has a zero sticking coefficient on GaAs at

(4.1)‘

temperatures > 100% With Zn flux levels at the

11 -2 -1
s

substrate >3x10""cm the Zn concentration in films

tends to an apparent saturation level of wéxlUZUcm_B.

It is concluded that 6x10200m-3

represents the solid
solubility limit of Zn in InP grown under the non-
equilibrium cenditions of MBE at substrate temperatures
around 360°C. Zn concentfations in InP films as high

as 4x10200m"3

have been achieved with no apparent
qegradation of either the surface morphology or crystal
structure relative to unintentionally doped material.
Furthermore, X-ray double crystal diffractometry analysis
of heavily Zn doped MBE grown InP showed the films to be
strain-free and hence it is concluded that the Zn is
comfortably accomodated in the InP lattice even at Zn
concentrations exceeding lDZOCm~3. Since plasma
reflectivity measurements indicated that the electrical
properties of Zn doped films are almost identical to
those of unintentionally doped films it is apparent that

very little or perhaps none of the Zn content is

substitutional on In sites. It is postulated that most
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_of the Zn is tied up in some form of complex such as

(4.12)

that proposed by Tuck and Hooper to account for

the large carrier/atom inequality in Zn-diffused InP.

Tuck and Hooper (4.12)

have suggested that most of the
Zn in Zn-diffused InP occurs in the form of the complex
VpZnIan. Clearly, however, there is insufficient data
to propose a model to account for the carrier/atom
inequality found in MBE grown Zn doped InP. An extended
investigation would be required involQing-the measurement
of the carrier/atom ratio as a function of both the
surface stoichiometry during growth (JPZ/JIn ratio) and
substrate temperature in order to obtain a greater
appreciation of the mechanism involved. Such an
investigation, however, is likely to introduce more
uncertainties since the electrical properties of
unintentionally doped MBE films are critically dependent
on both the surface stoichiometry and substrate
fémperature.

Be has been shown to have a near unity sticking
coefficient on (100) InP grown by MBE at substrate
temperatures around 360°C with Be concentrations in films

17 to 2x1019cm~3

being achieved ranging from 5x10 . This
result is expected since Be has an extremely low vapour
pressure at 360°C ( < lD—lﬁbrr) and consequently should
have a near infinite surface lifetime on substrates held
at this temperature. The Be doped films were found to
be epitaxial as indicated by texture camera analysis and

had excellent surface morphologies, implying that Be is
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readily incorporated into the InP lattice. At this
stage it is difficult to draw definite conclusions
regarding the electrical properties of Be doped InP
films grown by MBE since Hall-effect measurements
largely proved unsuccessful and the results from plasma
reflectivity measurements were not available at the time
of writing. It seems apparent, however, that the Be is
activated to some extent since the electrical properties
of Be dopéd films are markedly different from those of
unintentionally doped films.

To summarise, it has been conclusively shown that
Zn is unsuitable as a p-type dopant whether evaporated as
Zn™ or neutral Zn on account of its electrical in-activity
in as-grown films while Be appears to be activated to
some extent although the non-trivial electrical contact
problem remains to be solved before Be doped films can

be more rigorously characterised.

7.3 DLTS Study of MBE-InP

It has Eeen established from DLTS measurements that
unintentionally doped (100) InP grown by MBE in the
substrate temperature range 300-360°C contains a dominant
deep level electron trap having a thermal activation
energy of 0.59eV and a capture cross-section of l.BxlD"lzcmz.
Since the concentration of the trap has been shown to
increase with decreasing éubstrate temperatures it is

concluded that the deep level corresponds to a native

defect in the crystal rather than an impurity. It is



postulated that the deep level is due to In-vacancies
or In-vacancy complexes formed during epitaxy, the
increase in the trap concentration resulting from an
increase in the P surface population at lower substrate

temperatures.

7.4 Future Work

Since the argon ion sputtering and annealing
substrate cleaning technique has been shown to seriously
influence the characterisation of MBE filﬁs it is strongly
suggested that this technique be abandoned in favour of
the heat-cleaning technique recently developed by both

(1-33) and Stanley(3'16), involving heating

Roberts
substrates to n 500°C under exposure to a phosphorous
beam. In the early stages of an investigation of heat-
cleaning, however, it would be necessary to monitor the
substrate cleanliness using Auger electron spectroscopy
and therefore an AES facility would have to be
incorporated in the system. With fegard to further
p~type doping studies it is suggested that Mg and Mn be
tested as potential dopants in MBE grown InP in addition
to re-investigating the incorporation of Zn and Be in InP
grown by MBE onto heat-cleaned substrates. Finally, in
order to verify that the 0.59eV deep trapping level in
MBE grown InP is due to In-vacancies or In-vacancy
complexes it is suggested that the trap concentration in

films be measured by DLTS as a function of the phosphorus

flux level at the substrate during growth. Another

(RORV)



- interesting area of study would be Lo compare the DLTS

spectra obtained from InP films grown using P2 and P4

molecular beams. The P4+P2 cracking cell developed by

(1.33)

Roberts would be ideal as the source of both P2

and P4 molecules for these experiments.
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APPENDIX A ANALYTICAL TECHNIQUES

A.l X-Ray Cylindrical Texture Camera

The atoms constituting a crystalline semiconductor
effectively form a diffraction grating and consequently
X~ray techniques which make use of the Bragg condition
can be employed in order to determine interplanar
spacings and thus identify crystallographic planes. One
such X-ray.diFFraction technique which is' commonly used
to examine the crystallographic quality of thin semi-
conductor films is the cylindrical texture camera

technique (A'l).

This technique is particularly suited
to the analysis of thin crystalline films grown on flat
substrates since diffraction spots (or lines) due to the
underlying substrate are greatly attenuated and can be
distinguished from those due to the film (A‘l).

The texture camera arrangement shown schematically
;n Fig. A.l.1 consist of a cylindrical cassette with
collimator and beam stop tubes concentric with the camera
axis. The specimen is mounted on a disc which rotates
the specimen in its own plane; the angle between the
disc normal and camera axis being 60°. A cylindrical
photagraphic film mounted on the inside of the cassette
records the diffraction pattern. Interpretation of the
diffraction spots (or lines) is made by application of

"Bragg's law,

2dsine = na (A.1.1)

where d is the interplanar spacing and A is the wavelength
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of the incident X—ray radiation. The position of a
spot 9 along the camera axis is related to the angle ©
between the incident X—ray beam and the diffracting
plane by the equation,

y = Rcot2e (A.1.2)
where R is the camera radius. Hence by measuring the
positions of the spots .the interplanar spacings d may be
determined. The angle of incidence (90°-¥) sets a
lower limit to the value of 20, in tHis case 300, while
the upper limit is set at the line y=o, corresponding to
20=90°.,  Single diffraction spots are obtained
corresponding to individual planes provided the specimen

is mounted such that the (100) crystal plane normal is

in same plane as the incident X-ray beam,. If the specimen

is mounted slightly off-axis multiple spots are obtained
which correspond to diffraction from individual crystal
planes. Diffraction patterns illustrating both these
cases are presented in this thesis (see, for example,

Figs. 3.20 and 4.17).
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"A.2 Hall-Effect Measurements

Exploitation of the Hall-effect (A+2)

is the most
commonly used means of determining the majority carrier
polarity (n- or p-type), mobility anq carrier concentration
in a semiconductor. Briefly the Hall-effect relies on
the fact that when a magnetic field is applied at right
angles to a direction of current flow, the moving charge
carriers which constitute the current (electrons or holes)}
experience a force (the Lorentz force) proportional to
both their velocity and the magnetic field strength, and
are deflected at right angles to both the magnetic field
and current flow directions. B

The Hall-effect measufement arrangement used in
this work is shown schematically in Fig. A.2.1. A 5 pad
contact pattern of Al electrodes was deposited by vacuum
evaporation onto the surface of InP films grown by MBE
onto semi-insulating substrates, high resistivity
;Lbstrates being required to prevent electrical ‘"short
circuiting" of the films. The Al-InP contacts were shown
to be "ohmic" at both 300K and 77K. Electrical contact
was made to the Al electrodes via gold wire attached with
silver conducting paste and bonded samples were immersed
in liquid nitrogen with their planes normal to a magnetic
field of flux density 0.2 Tesla.

The film conductivity o is determined by passing a
known current I through the film between contacts 3 and 4

and measuring the corresponding voltage VC generated

between contacts 1 and 2. The conductivity is calculated
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. from

1 . d
o = VE T (AtZ.l)

where t is the film thickness. The voltage generated
between contacts 1, 2 and 5 is known as the Hall voltage

VH which is used in calculating the Hall coefficient R

H
given by
e (A.2.2)
H ™ IB
where B is the magnetic flux density. Charge carrier
density is then given by
-1
n = r(qRH) - (A.2.3)

where r is a correction factor which is dependent on the
scattering mechanism, For phonon scattering r = 1.18.

Finally, the Hall mobility My is obtained fraom

Wy = RHU (A.2.4)
It should be noted that the Hall mobility My differs from
the drift mobility My by the factor r such that

]_(H = rpd (A.2.5)

Hence by measuring VC and VH both the carrier concentration

and mobility in films can be determined. The carrier

type can also be obtained by noting the polarity of Vi
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A3 Capacitance =~ Voltage (C-V) Profiling

The doping profile of thin semiconductor films is
commonly determined by measuring the capacitance C of a
Schottky diode or p+—n junction (for the case of n-type
films) as a function of reverse bias voltage VR - see,
for example, references A.3 ~ A.6,

Consider an ideal Schottky barrier (ie, neglecting
interface states) or p+—n junction under reverse bias

the energy band diagram for such a diode is
(A.7)

conditions;

illustrated in Fig. A.3.1. It can be shown that

the electric field strength Enax at the interface is
given by
1/

Enax = [(ZqND)/eS (VD—kT/q)]

2 (A.3.1)

where VD is the diffusion voltage associated with the
reverse bias VR and ND is the donor density in the n-type
material.

region due to the ionised donors is given by

1/, 1/,

QD = ey Epax © (quSND) (VD - kT/q) (A.3.2)
so that BQD BQD
C =z e = v
aVR 3Vp

= (qe Ny/2) (Vy - kT/q) (A.3.3)

Since VD = VDU + VR’ where VDG is the diffusion voltage

at zero bias, equation A.3.3 may be written

C = (qe Ny/2) (Vg + Vpg - KT/q) (A.3.4)

From Gauss's theorem the charge in the depletion
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.Equation A.3.4 shows that a graph of l/C2 as a function

of V, should be a straight line with a slope of 2/chND

R
and a negative intercept on the VR axis equal to

-VDU + (kT/q9). Hence N, can be determined from such a
plot with VDO being additionally available. If the graph

of l/C2 versus VR is not a straight line then N, is not

D
uniform throughout the semiconductor film. In such a
case the donor density can be determined at any depth
into the film by obtaining a(l/Cz)/aVﬁ at specific points
on the 1/C% versus Vp curve. The depletion width W and
hence the depth into the film at a particular reverse

bias voltage can then be calculated from

1/

W o= (ZeS/qND (VR + Vpg - kT/q)) 2

(A.3.5)
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