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Chapter 1 : Introduction

1.1 Generalintroduction

Since their inception about thirty years ago, fibptic communication
systems have grown rapidly. Integral to this growth is the tremendous improvement
in photodetector technology over the yeamm@y put, photodetectors convert
optical signals into an electrical signal that is a quantitative measure of the signal
strength. These devices find use in several fields such as imaging systems,
spectroscopy and optical telecommunications. Innovatiodesign and significant
improvements in material growth and device fabrication technology have allowed for
detectors capable of operating at T80z [1] while ensuring high device yield,
reliability and lifetime All of these factor$ high speed, high yids and high
reliability i have facilitated the explosion in lo#ingwl optical communicatiorn this
thesis a slicon-based photodetector for optical telecommunications will be

presented.

1.2 Motivation

The recent years have seen a dramatic incredbBe lmandwidth requirements
of communication systems. In addition, the trend of miniaturizatiofiauégatedthe
integration of as many components as possible on a single chip. This situation
presents a conundrum for the integration of optical compooentsnventional

microprocessors in loagaul communication systeniBhese systems have typically



operated in a close to 1.3 um and 1.55 ym. The Original; da@d from 1.26

1.36um was originally favored due to the nearo dispersion in silica opticber.

This minimized dispersieinduced broadening of the optical pulses. More recently,
the Conventional, or ®and, and the Long wavelength, eband, corresponding to
1.53- 1.565 pm (Gband) and 1.5651.625 um, have been prefered due to the
availability of more efficient optical amplifiers. Typically,-Gand amplifiers are

based on gain in Erbintloped optical fibers, while the-hand amplifiers are based
on gain in semiconductor mediBhe challenge is that semiconductor photodetectors
in these @ C- and L-bands ar¢ypically based on the HY/ semicondcutor§inP,
InGaAs)that are incompatible witBi-based heteroepitaxy. While systems designed
entirely on IIFV semiconductors exist, they are not eeffective as InP epitaxy is
about twenty time as expensive as SiGe epitaxy and as much as ten thousand times
as expensive as CMOS technolog} [n addition, a silicorcompatible

photodetector at these wavelengthsdgsential for implementing optical interconnects
for multi-core processordhis dearly highlights the need forsdicon-based
photodetector in the O, C and L bands.

Theoretically, several techniques could be used to achieve this end. Epitaxial
films that absorb the bands we are intexésh can be grown directly orlison. This
would require the growth of InGaAs directly on silicon. A second alternative is the
growth ofstrained or unstraineglliconrgermanium allog on silicon substrates
Finally, conventional InGaAs detectors can be wdfended onto thalicon
substrate

In prectice, the first approach has proven tadifécult as I11-V

2



semiconductors that are lattice matchesdltoon do not grow as single crystals on a
slicon substrate3]. Recently there have been reports on the growth of GaAs on
thick germanium films gnen on silicon substratepd] Direct growth remains a
challengeThus, it is necessaty growstrainedsilicon-germaniuntilms and this

brings with it a slew of other issues that need to be taken into consideration during
material design and material fadation. This is not always a drawbaickn the case

of Sh.-xGe,, strained layers have higher electron and hole mobilities and this fact has
already been exploited. This increased mobility is caused by-sidained split in

the degeneracy of the conductiand valence bands, resulting in states that have
higher carrier mobilitiesg]. In 2005, IBM demonstrated a SiGe HBT based on
strained SiGe layers operating at Z3dz. The third approach, that of wateonding
InGaAs detectors oglicon. This approacias led to novedilicon heterointerface
photodetector€] that combine the high ne#iR absorption of InGaAs with the high
electron to hole impact ionization coefficientsdicon to fabricate avalanche
photodiode with gakbandwidth products as high a880GHz. However, wafer
bonding technology is still in the research phase and it has not been successfully
demonstrated on wafers larger thainéh [7], much less than the current industry
standard of 2 inchand everl5 inchwafers. Furthermore, the thgost of InGaAs
epitaxyis still a challengeAll these factors lead to the conclusion thiton-based

photodetectors neede@nd this is the motivation for this thesis.



1.3 Literatureoverview

In this section, an overview of available photodetedtmrs
telecommunications in the O, C and L bands will be presented. In particidar, p
photodetectors and existing SiGe photodetectors will be considered. Performance

criteria and figures of merit used to describe photodetectors will be presented.
1.3.1Photodetector theory

The semiconductor photodetector considered intti@sisis of the interband
type in which an incident photon of energy greater than the bandgap energy is
absorbed in the active region resulting in the formation of an eletienpar that
contributes to a curreng.IThis current is a quantitative measure of the incident power
P and is given by

I, =RR

p in

(1.1)

where R is the responsivity and has units A/W. This parameter is defined in ferms o

the fundamental material property, quantum effee n cay B] d

R="1€ (1.2)
hn
Here, e is th electron charge, h, Plancksn st ant and 3, the freque

p h ot jasrefined as the ratio of the electron generation rate to the total incident
photon rateAssumingthere is a on¢o-one correspondence between the number of
absorbed photons and generated eledtranl e p a;can be,writterhais the ratio

of the absorbed power to incident power. Further, when photons are incident normal

to a slab of widt W, the quantum efficiency is given by



h =2 @- epaw)i- ), (13)

where U is the-dmpteardieanlt vwgpuedlcamrdgtatbsor pti on
the Fresnel reflection coefficent.ity Thus, f
guantum efficiencies provided the photogenerated charges do not undergo
recombination during transport to the contact layer. Typical semiconductors have
| ar ge v al lce? forptotors of erergylarger than the bandgap and for
W~100m, d9. ThédrespPonsivity R is usually specified as a metric to compare
photodetector performance.

Another important metric to compare photodetectors is the specific

detectivity [11] or D-star, D.It is the noise equivalent power (NEP) normalized to

unit area ad unit bandwidth and has unitsHZ'> /W
D" = @
NEP (1.4)
where A is the area of the photosensitive
noise bandwidth. NEP is defined as the signal strength that results in atgigoee
ratio of unity.
Before an attempt is made to design a SiGe photodetecwmnportant to
survey the existing options and design approaches used in current photodetector
technology. Classifications can be made based on a number of criteria such as

heterostructure design, device geometry or the material used.



Classification Bagd on Device Geometry

Different device geometries based on the above mentioned heterostructures
can be used. For materials with very high absorption coefficientesatype
architecture can be used. However, using thick absorption regionS8(H40)
reailts in devices with high carrier transit times whiichit the bandwidth. In this
case, it is common to use an edgelpled waveguide architecture with a thinner
active regions to reduce the carrier transit time while ensuring sufficient photon
absorption Further improvements in bandwidth can be achieved by adopting an
electrode structure that supports traveling electric waves. This electrode structure is
impedance matched to theternal circuit so that the optical and electrical modes
propagate with theame group velocity. Thigduesthe bandwidthreducing
reflections of the electrical wave. This structure is caléveling wave
photodetectoand devices with bandwidths as high as GHx have been reported

[10]. In this thesis, only mesand waeguide photodetectors are considered.
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Classification Based on Active Region Material

Photodetectors for optical telecommunications can be fabricated out of
different materialsFigure1-1 shows the optical absorption coefficient and
penetration depth for different semiconductors. Fouim3etection, typical material
choices are W/Ga 3ASo.640.36and Ge. lpsGay 47As and Ge are commonly used for
1.55um deection.Figurel-3 shows the variation of bandgap with composition for a
variety of compound semiconductors;.&e€ can also be used as the bulk bandgap
spans the energy gap between @86and 1.1eV and will bethe material of choice

in this thesis.
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1.3.2p-i-n Photodetectors

The structure band diagram of a homojunctigrpgphotodetector under
reverse bias is shown kigure1-2. The different components of the photocuriient
the difusion and the drift components are also shoWre rregionand the depletion
region are the source of tdeft componentwhile electrorhole pair generation in
the doped regions gives rise to #lew diffusion componentTo completely
eliminate the dfusion component, a heterostructure can be employed using a
substrate that is transparent to the wavelength of the signal being detected. In the case
of Siy.xGe detectors for 1.8im and 1.55um, thisis easily achieved using dison
substrate.
The eletronthole generation rate G(x) at-codinate x is given by the number

of photons incident multiplied by the absorption coeffici&@ht [
-r)R
~ " gexd- ax). (1.5)

The drift component of the current density in a detector of area A is lgywtre

integral of G(x) over the intrinsic region

w
Jg =- eﬁma exf- ax)dx

o A (1.6)

_(L- )R, _efR,
=S (- exl- aw))= S0
The transit time,tis given by
LW
Va (1.7)

where y is the drift velocity of the charge carriefihe 3dBcutoff for a modulated



signal incident orsuch a p-n diode is given by

24

deB - ﬂ" (1'8)

Using this relation for ailicon detector with y~10° m/s and W~5@m, we get

f3a~0.8 GHz [8]. In contrast, an InGaAs detector which, as sedfigarel-1, has a
higher optical absorption coefficient, allowing for smaller W-{um) and $45~10

GHz with w~2x10 m/s. These calculations do not take into account the degradation

in bandwidth due to capacitance effects ofgghen junction.

W

ST T

&
L 4

'

iy

Figure 1-2: Structure (top) and band diagram (bottom) of a revieiaged pi-n diode. Absorption in
the intrinsic region is indicated by black electrehafid holes (+) and constitute ttheft current. The
red and green carriers signify the absorbed carriers in-émel mdoped regions and constitute the

electron and hole diffusion currents respectively.



1.3.3SiGegrowth

Figurel1-3 shows the ldice parameter of different elemental and compound
semiconductors and their bandgap for different compositions. Also shown is the
lattice mismatch to Silicon. Based on the data in the figuieexpeced that
epitaxial growth of GaP and AIP orlison substratesvould be the easiest. However,
this approach is not suitable as the bandgap wavelength is in the visible portion of the
spectrum. In addition, epitaxial growth has proven to be diffi@lltThe other I}V
semiconductors have similar probletngGaP and AIP. The fact that the common
Group V elements (P,Sb and As) are dopant atoms make diffusion difficult to avoid at
the elevated growth temperatures. These drawbacks necessitate a slitaiie
based compound semiconductor that spansthe m3 t oe M1 .r58bnge. The
real option for epitaxial growth mlicon-germanium. There is, however Jattice
mismatch of 4.3% forgrmanium grown osilicon. This introduces a significant
concern for SiGe epitaxy, straipecifically, strain limitshe thickness of the
epitaxial filmi for thicknesses larger than the critical thickness, defects and
dislocations nucleate in the film to relieve the excess strain energy. In addition, strain
also affects the bandgap of the film. Both these issues wdliscessed in detail in

Chapter 4.

10
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Figure 1-3: Lattice constant and bandgap energy and wavelength of different semiconductors. The top

axis shows the lattice mismatch of the semiconductor to sili@pn. [

The most common techniques used to grown degucdity Silicon
Germanium heterostructures are Molecular Beam Epitaxy (MBE) and Chemical
Vapor Deposition (CVD) and their variants such as Gas Source MBE, and Remote
Plasmaenhanced CVDBoth techniques are gad out in arultra igh vacuum
(UHV) environment and system base pressures are typically lower tffanBax.
MBE is the most accurate epitaxial growth technique as it involves direct control of a
beam flux by means of a mechanical shutter, enablirgjsareontrol of layer
thickness, thus allowing monolayeontrol of the film. Metalleorganic CVD
(MOCVD) involves a reduction reaction of the precursor molecules at the substrate
resulting in the formation of neutral atom species that migrate on theestofthe

most energetically favorable location to bond with the substrate atom. Typical

11



industrial production lines are based on CVD, especially for large wafers (8" and
greater) [4] whiledMBE is more common in an R&D environmeltis to be noted,

howe\er, that GaNlevices are commercially grown using MBE.

1.4 Existing silicon: germaniumphotodetectos

Over the years, several attempts have been made at realizinh&&®
photodetectors. One of the earliest successful attedfjta/fis a pi-n waveguile
photodetector with a 0.65um thick strained superlattice (SLS) active region. The SLS
consisted of 20 periods of g0thick Sb ¢Gey4Wells separated by 290 thick Si
barriers and is designed for detection atlit8 The devices were found to have low
dark current mfatnl® V Hiadwhichweré tbund té decrease with a
decrease in the wajermaniumcomposition. When butt coupled with a single mode
fiber, the detector has an external quantum efficiency of 10.2% when biased at 10
and 6%at 5V. Devices with different well compositions were fabricated and the
spectral respormsis shown irFigure1-4.

Further improvements on the Slb&sed design were mafde3] by modifying
the structure to incorpate an avalanche multiplication region. In addition, the
composition of the SLS was optimized to maximize the absorption of the optical field
while ensuring the constraints of disclocatioee growth were satisfied, yielding a
0.25um-thick SLS consistingf 33-A-thick Sh.¢Gey.4 wells and 290A-thick Si
barriers. A pdoped Si avalanche region is incorporated as shoWwigure1-5.

Waveguide detectors 2%0n in length and with large numerical apertures (~0.5)
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werefound to have an external sensitivity of AW with a measured gain of 10.
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Figure 1-4: The internal quantum efficiency as a function of wavelefgthifferent SiGe SLS
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Figure 1-5: The crosssection of a SiGe SLS with an avalanche region incorporagd [1

Schupperet al.[14] demonstrated a waveguiléQW p-i-n detector with an

active region consisting of 20 periods o039 Si and ® A SiossGeyss A 2 mm long

detector when buitoupled with a 1.3um laser had a measured external quantum

efficiency of 11% whichwhen correctedor coupling inefficienciescorresponds to

an internal quantum efficiency of 40%. Anvn long deice using a 2.2am thick

MQW section was also fabricated and measured to have an internal quantum

efficiency of 56% Colaceet al.[15] reported CVDgrown MSM Geon-Si
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photodetectors with a measurable photoresponse beyongdrh.sfth a responsivity
of 024 AW at 1.32um when reverse biased td/1 This structure consists of a
relaxed Gefilm on Si.

More recently, Geist al.[16] reported orefficient near infrared
photodetection in &f implanted silicon waveguidesith responsivities up t6.8
AW™ at1.55 pmat a bias 0f20V. It is believed that oxygestabilized divacancies
nucleated during the high energy implantation (which occurs at 190 keV) are
involved in photodetection.

Another approach has been the growth of germanium in small regions of
silicon wafers, a technique called selectareagrowth. This approach has yielded
devices with responsivities similar to those of germanium detectors (~07aAW
1.55 pm) [17]

Finally, Chaisakukt al.have reported on the use of strhelanced
germaimum quantum wells grown on SiGe& ¢ buffers with responsivities of ~ 0.05
AW in the NIR.[18] Both these devices, however, have large reverse leakage

currents, which are known to be detrimental to detecting low signal levels.

1.5 Thesis objectivesnd organization

In this thesis, | shajpresent details on the design, growth, characterization
and testing of silicogermanium g-n photodectord shall demonstrate that it is
possible to exploit the typk band offsets of the silicon germanium matksigstem

to extend the bandedge of detection into the near infr&pextifically | shall:
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1. Present the results on the performance of a conventional quarglifmased
Si1«Ge p-i-n photodetector grown ailicon for 1.3um detection
2. Present details ae design, growth and testingaohew plotodetector
heterstructure based orlison-germanium heteroepitaxy grown aificon
for detection at 1.gm. This structure will be optimized and have a significant
reduction in strain energy compared to thdiprieary structureThe effect of
each layer in the heterostructure on optical absorption will be presented
3. Present details on the design, growth and testisgiain-germanium
heteroepitaxy grown ogsilicon-germanium virtual substrates. This structure
will be strainbalanced i.e. it will have zero net strain, thereby allowing for
thick absorption regions and implementation of normal incidence
photodiodes.
The devicesletailed in this thesis are grown using saalirce molecular
beam epitaxy. A discuss) on the technique and the details on the MBE reactor used
to grow these devices are presented in Chapter 2. Techniques used to analyze grown
films are also presented.
Chapter 3escribes solutions to the specific challenges | fagddsilicon
MBE andthe contributions made to the field. | will discuss the design,
implementation and commissioning of an atomic absorption spectroscopy based
controller for the silicon electron beam source. In addition, | will discuss the problem
of crucible selection faboron dojng applications in Si MBE. The development and
analysis of a thermal deoxidation procedure for siigermanium surface in relation

to that ofpuresilicon ard germanium surfaces is also discussed.

15



In Chapter 4, | discuss the models used temlas the band structure of bulk
and strained silicon germanium layers of arbitrary composutioan arbitrary silicon
germanium substrate. All pertinent band paramétéandgap, band alignment, band
offsets and effective massksire discussed. The ticial thickness limitations
mentioned in this chapter will be also be discusbedddition, the mathematical
techniques used to model the heterostructures is also presented.

Chapter Soresents details on strained SiGe heterostructures for near infrared
photodetection. Here, | discuss the design approach, epitaxial growtgy pash
characterization of the epitaxial layedgvice design and fabrication techniques
followed by experimental details on how these devices are tested and their
performance isinalyzed.

In Chapter 6, | present the motivation for straalanced silicon germanium
heterostructures, and then present a similar progression to the realization and testing
of these devices as detailed as in Chapter 5.

| conclude in Chapter 7, summang the contributions to the fields of MBE
and silicongermanium heterostructure design that | have made, and identify future

avenues for exploration.
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Chapter 2 : Material Growth

2.1 Introduction

The heterostructure devices detailed in this thesis were growg sdic
source molecular beam epitaxy (SSMBE). This technique enables the growth of a
variety of crystals, includingut not restricted to semiconductor homojunctions,
heterojunctions, superconductors, rare earth oxides, magnetic materials and single
crysial metal films for a number of applicatiof$9-24] In this chapter, a brief
introduction to the technique is provided, along with the specific details about the

MBE reactorused.Details will alsobe providedcaboutthe calibration of the system.

2.2 Theoretical description of MBE

2.2.1The physics of MBE

In simple terms, the physics of MBE can be understood with a combination of
three processes that occur inudina-high vacuum (UHV) environment. First, clean
atomic fluxesaregenerated by suitable evaption cells. These fluxes are then
incident on a clean substrate on which crystal growth is desired where a fraction is
adsorbed. The ratio of the number of adsorbed species to the number of incident
speciesi€ al | ed t he s t.ingdneral,this stiokind cbefficientasn t U
temperaturalependent and typically decreases with an increase in substrate
temperature. Now, if this substrate is held at a high enough tempetiature,
thermally-activated surfae diffusion time othese adsorbed species (referred to as

adatoms)s smaller than the arrival rate of atoniikis thenenables the formation a
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chemical bond that minimizes the free energy of the sub$tegigaxial film system.
It is essential thatheflux rateand hence, the growth rate chosen such thahis
condition is metFor this reason, MBE is typically referred to be a kinetichthited
epitaxial techniquén thatthe surface mobility of the adatoms fundamentally
determines film crystallitty. This is in contrast with, for example, CVD reactors
where the thermal activation of the chemical reaction of the precursor gases
determines the film crystallinity.l e typical growth rate is on the order of 1 atomic
layer of coverage of a flat surfaper second; also referred to as 1 monolayer (ML).
These processes are shown schematicalygare2-1. Whenthese three criteria are
simultaneously met, a high quality crystal with a low defect density carobangn
the chosen substratélso shown are some competing processes that can occur such

as desorption of the adsorbed species, incorporation of impurity atoms from the

chamber, and desorption of the constituent atoms of the substrate.

OO @ Film
O

e Substrate
» Impurity

B

sssssss,

Figure 2-1: A schematic of some surface processes that occur during MBE. The atoms comprising the
film (shown in red) are incident on the substrate (atoms shown in blue) and are adsorbed (process 1),
migrate on the surfacergess 2) and are incorporated into the crystal lattice, forming a bond (process
3). Also shown are competing processes of adatom desorption (4), impurity incorporation (5) and

substrate decomposition (6). Intermediate states are shown in lighter colodotted borders.
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For the simple case of atomic silicon and germanium beams incident on a

substrate, the rate equations are given by

ngi =Fqag - st
t Ly
dgfe = FGeaGe - ?Ge
Ge
Qe tqs =1 (2.1)

Herethe subscripts Si and Ge refer to the Siand Gebehmd, s t he fr acti on
surface covered, F is the flux (in atoms/ s
coef f i cisthedesorptiomtine for that speciéds. mentionedarlier in this
secion U and U depend o mccordngtotbeuArlseniusat e t e mp e |
equation It should be noted that this simple model dagsnclude the effect of other
possible processes that can occur, some of which are listed below.
i. The incorporation of the background species in the vacuum chamber into the
growing films is not explicitly included. If their concentration, sticking
coefficients and desorption times are known, a similar equation can bewritte
for their incorporation.
ii. The arrival of multiatomic clusters which can adsorb, dissociate into
individua atoms and which then desorb or are incorporated into the growing
crystal
iii. During the growth of SiGe layer on Si substrates, the initial layers (< 1nm) are
known to be Geich due to segregation of germanium at the interf&&. [

This effect is not inclued in the equations above, and can be minimized by

maintaining substrate temperatures to 450 °C or below during grokeh.
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reduced segregation is a consequence of the reduced rate of the thermally
activated segregation process.
iv. Chemical reactions involvinthe incident species occurring at the surface.
A detailed description of the growth kinetics is outside the purview of this thesis and

can be found ifi26, 27].

2.2.2 Systenrequirements

As mentioned in the previous section, MBE requires a UHV envirahme
This is needed if crystal purity is to be maintained. This requirement can be
understood by a study of the behavior of gases as a function of pressure. This allows
the study of relationship between gas pressure P, molecular derssitjtine
monolayerf o r mat i @ssuming arstickitgy.coefficient of heése are given at

temperature T for a gas molecule of mass M by

P =nk,T
[T
M
r=2
nc (2.2)

where lg is the Boltzmann constari,is the rms velocity of the gasalecules, and a,

the number of available sites per unit area for adsorption. Shawigure2-2 is the

gas density and monolayer formation time at different pressures for atomic oxygen at
room temperature. From this figure, itsisen that at a background pressure df 10

mbar, the time taken to form on®nolayeiis 1¢ s. This implies a possible
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contamination level of 1 ppm if the sticking coefficient is unitthva film growth

rate of IMLs™. This is typically impermissibléer semiconductor applications, where
foreign atoms that result in either shallow, dopém states or deep trap states are
required to be below 1 ppb. Fortunately, most common residual gases in the UHV
environment H, N> T have sticking coefficientsfanuch less than unity, allowing
high puritycrystals to be grown, even at background pressures'dfmbar. Species
such as @and HO, both of which contribute elemental oxygen, have higher sticking
coefficients. In the SiGe material system, oxygea deep level trap (0.41 eV above
the valence band edge for 3B]) andits partial pressurmust be maintained at

levels below 18* mbar for high performance applications.
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Figure 2-2: Gas density anthonolayer formation time as a function of pressure at3@r the
purpose of this illustration, the gas was assumed to be oxygen and was assigned a sticking coefficient

of 1.
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This requirement of an UHV environment drives the specifications for all
aspets of an MBE system, from materials for chamber construction to
implementation of the source of the fluxes and choice of vacuum pumps. A historical
overview of the evolution of MBE systems and detailed design concepts are presented
in [26, 27. The following section will discuss the design and operation of the MBE

system that was used to grow the devices in this thesis.

2.3DepDi the MBE reactorat LPS

2.3.1Construction and vacuum pumping

The grouplV MBE system (designated as DepD) used is a modified E
930E (now Veeco 930) research and developm
accommodates one wafer up tm8hesin diameter as a substrate for growth. The
design is based on the EPI (Veeco) dHesystem, a popular tool for epitaxial growth
of 1l1-V semiconductordt consists of a growth chamber and a lacked
introduction chamber to enable the loading and unloading of wafers without
necessitating venting of the growth chamber. This introduction chamber also allows
for outgassing substrates prior to loadingh@ growth chamber. The growth chamber
is equipped with nine ports for source cells, and each source port has a pneumatically
operated shutter associated with it. This allows the user to select and control the
composition of each grown layer. Perhaps tlestsignificant modification is that the
growth chamber was rotated about two axes such that one of the nine source ports is

vertically oriented to allow for the use of an electron beam source for silicon. This
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necessary to ensure that the silicon chargge orizontal at all times, as the molten
silicon pool formed during normal operation cannot come in contact with other
elements of the hearth due to contamination issues. This silicon source, which is
housed in its own chamber called the mini chambel be&idescribed in the

following section. Custom welded supports and a frame are used to ensure the

stability of this arrangement. A photograph of this system is shoWwigure2-3.

Figure 2-3: A photograph of the growth chamber of DepD. In this picture, the frame rotating the
chamber can be seen, along with the crogenic pump, the titanium sublimation pump, the RHEED gun

andfive source portgPhoto courtesy DiPasquale I11)

The growth chamber is machined out of 316 grade low carbon stainless steel

which facilitates high quality welds when required. Both, the growth and introduction
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chambers (henceforth referred to as the intro chamber) are subsequently
electopolished to reduce the vacuum surface area, which in turn results in a lower
adsorption of gases and lower outgassing. A mechanical roughing pump and a
turbomolecular pump are used to pump this system into high vacutki@fambar)
before a combinatioaf UHV pumps are used. For the intro chamber, an Oxford
Instruments CT-B cryopump is used. This pump is highly effective for pumping and
trapping water and air (nitrogen and oxygen), though it has a reduced capacity for
hydrogen, it is capable of pumpitige intro chamber to a pressure in th€ ffbar

range. The growth chamber uses a combination of pumps. An identic8li€Tked

as a primary pump, with a Perkin Elmer 480 triode pump. This ion pump is used

as it is highly effective at pumping hyayen. The silicon-®eam source has an
additional Varian 6@&s™ ion pump. A titanium sublimation pump is also used to

getter water and provides additional pumping for reactive gases such as oxygen and
carbon monoxide. Finally, two liquid nitrogen cryopksnare present in the growth
chamber with one welded onto the growth chamber, and the other, onto the source
flange. This combination of pumps allows the growth chamber to be maintained at a
pressure of 2xI8 mbar in the idle state. With the help of aideial gas analyzer

(RGA), the typical background concentrations of the residual gases are measured as
listed inTable2-1. Nude BayareAlpert ion gauges are installed in each, the growth
chamber, the intro chamber and the miraraber, enabling the monitoring of the

system pressure.
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Species Partial pressure (x10" mBar)
H, 14.8
H.O 0.88
N2 2.1
O, 0.78
CO; 1.4

Table 2-1: Typical background partial pressures of various contants in DepD

2.3.2 Sources

DepD is a dedicated grodlf MBE system and has two germanium sources,
one silicon source and one carbon source. The use of two germanium cells allows for
the easy growth of double heterostructures. In addition, it also hais &od
antimony as dopant sources. Each of these elements has different evaporation
characteristics, and hence, each requires different cell designs. The choice of the cell
used is driven by the vapor pressure of the element as a function of tempé&@ture.
these elements, this is showrFigure2-4.

Anitmony and germanium use standard thermal effusion cells. These cells
comprise of a pyrolytic boron nitride (pBN) crucible filled with the high purity
elemental barge that is radiatively heated by a tungsten filament. A carefully
positioned thermocouple is used to monitor the temperature of the hot zone. This
heater and crucible assembly are surrounded by tantalum heat shields to reduce the
thermal load on the @mber. Since the vapor pressure of the evaporant is directly
related to the evaporation rate (i.e. atomic flux), temperature control of these cells can

be used as a means to control the individual fluxes. The upper temperature limit of
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these cells is goveed by the decomposition of the pBN crucible, which occurs at
close to 1400°C. [31] Above this temperature, incorporation of nitrogen and boron
into the film can be expected and this lead to unintentional doping of the
semiconductor. This is not a concéonthe antimony cell, which is operated at
temperatures below 500°C, but is a concern for the germanium cells, which are used
at temperatures up to 1400°C.

10°

107

Vapor Pressure(Torr)
=)
T

107 : ; ;
500 1000 1500 3000

Temperature (K)
Figure 2-4: Vapor pressure as a function of tengiare for the elements used in

DepD (adapted frorf29])

Boron has a much lower vapor pressure than both, antimony and germanium,
and this requires a different cell design. This cell uses only refractory metals in the

hot zone, allowing it to be used up2000°C. As with the conventional effusion cell,
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a thermocouple is used to monitor the temperature of the crucible, allowing for
repeatable and reproducible use of this cell as a dopant cell. For the application of a
boron dopant source, a tungsten cruecgohd a pyrolytic graphite crucible liner are
used.

Conventional effusion cells cannot be used to evaporate silicon as a matrix
element. As shown iRigure2-4, dlicon has a lower vapor pressure than germanium,
and hence, a conventional effusion cell with a pBN crucible cannot be used if silicon
is to be used as a matrix element. In addition, molten silicon is extremely reactive
[26] and this precludes the use of a high temperature effusion cell similar to the one
used for the evaporation of boron. This high reactivity necessitates that any molten
silicon beself-contained.e. the crucible for the silicon melt needs to be made of
silicon. This can be implemented in an electron beam evaporator, where high energy
electrons are focused on a silicon ingot source much larger than the spot size. Where
incident, these electrons locally melt the silicon while the part of the source that is not
exposed to an electron flux remains solid. This ingot is placed in a-eak
copper hearth, which also houses the source of the electron beam. A drawing of the
electron beam source is showrFigure2-5. To minimize direct heating bgitherthe
directelectron beandue to incorrect beasteeringor the reflected electron beam, the
exposed copper on the top face is covered with a silicon shield that is laser machined
to provide maximum coverag€ontrolling the electron beam source is a challenge
and is discussed later.

The source matetiased in the cells is typically chosen to be of the highest

purity available. In DepD, the boron used is 99.9999+% (6N+) pure, the antimony is
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7N and the germanium, 6N. The silicon, machined out of a {dddnted float zone

ingot of resistivity 1020k gcm and carbon and oxygen levels €&,

Figure 2-5: A rendered drawing of the electron beam hearth used as a silicon source in DepD. The

silicon slug used is shown in black, and the electron beam sdnechealing the protruding high
voltage leads and the filament (in red) are also seen. The beam steering coils are mounted in two

panels on the side of the source, one of which can be seen. (Image courtesy V. Yun)

2.3.3 Substrateassembly

As mentioned irthe section 2.2.1, the process of epitaxial growth intimately
depends on the temperature of the substrate. Ensuring temperature uniformity across

the entire wafer is important, especially when the growing layers where the
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constituent atoms have temperatdependent sticking coefficients that vary
differently from one another. By using a specially designed heater, the temperature
across the substrate can be maintained to within £8ICTo ensure uniform
coverage of the subsadr,itistotatedaduringgowth,t he ent i
typically at 30i 60 RPM.

Monitoring the temperature of the substrate is achieved in two ways. As with
an effusion cell, a thermocouple is placed in the hot zone to monitor the temperature
in the vicinity of the substrat&Vhile this is used to as the primary process variable,
this temperature is not necessarily an accurate representation of the actual substrate
temperature. In such a radiatively heated system, where there is no conductive or
convection heating, the actuamperature of the substrate depends on how
effectively the emission spectrum of the heater at the chosen temperature overlaps
with the absorption spectrum of the substrate. For example, highly doped substrates
are more absorptive of thermal radiation, &ndhis reason, at a given temperature
of the substrate heater, the true wafer temperature is higher than it would be for an
undoped substrate. A true measure of the substrate temperature can be made through
the technique of optical pyrometry. In thezhniquethe emission from the substrate
l (&, T) in a parti c-0.97amin aumpcase)tsmanitored andige ( 0.

compared to that of a black body | 6(a, T).

|
=1-R -T, 23)

where Rand T, are the reflectin and tansmission of the substrate at the wavelength
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, and the black body radiation | 6(a, T)

2hc? 1
=5 (24

| f t he egimknews,ithen the yrue Bubstrate temperature caalbalated A
comparative measurement of the two, the pyrometer temperature at a given
thermocouple temperature for an intrinsic and highly doped substrate, is shown in
Figure2-6.
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Figure 2-6: The difference between the temperature of the wafer as indicated by the substrate
thermocouple and the true temperature measured by the pyrometer for an intrinsic and highly doped

silicon wafers.

In addition, DepD has a rettable ion gauge that can be positioned to be
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right below the substrate. This assembly is called the beam flux monitor (BFM), and
allows the measurement of the pressure of an incident beam of atoms (called the
beam equivalent pressure, or BEP for shoainfia source cell on the substrate. This

assembly assists in calibration of the system.

2.3.4 Analytical capabilities

The growth of an epitaxial layer is a process that intimately involves the
surface of the growing layer. This surface typically consisggams that have
unbonded electrons, and this often results in neighboring atoms forming a bond to
reduce the free energy of the surface layer. This process is called surface
reconstruction, and conveys information about the nature of the surface. One
tedhnique to study this surface is reflection high energy electron diffraction
(RHEED). In this technique, a narrow, low divergence (spot size gid)0
divergence <0.Prad) beam of high energy electrons-@BXV) is incident on the
substrate at a glancinggle (0.52.5°). A schematic of the setup is showrrigure
2-7. The penetration of the beam into the surface is low, and is restricted to the
outermost atomic layer8]]. As a result, RHEED provides information abouaty

the surface of the growing layer and not the bulk.

31



To PC

Substrate manipulat

hosphor screen and came

Electron sourc

Figure 2-7: The geometry of a typical RHEED system, showing the relative position of the electron

beam source, the rotating substrate and the phosphor screen.

The de Broglie wavelength of electrons accelerated through a potential V is
given by

h

/ =
J2meviL+ev/mc?) (2.5)

This formula takes into account relativistic correctitorshehigh energy electrons,
which is calculated to be 3.5% for a &V electron For a typical RHEED operating
voltage of 3kV, this wavelength is 0.069 Ahe RHEED pattern can be derived
from first principles and is discussed briefly below.

Consider a bare (00briented silicon surface. This surface consists of a
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periodic lattice with one atom at each lattice point. The basis vectors for this lattice

are

(2.6)

where gis the lattice parameter for the substrate. In reciprocal space, the
corresponding basis vectors are obtainethftioe relatiorg = 2,05,-3 E/(a- @Tf lé

where iiis (001), the unit vector corresponding to the surface normal

—*:E
a, a5(110)
—*:2_,0—
a, as(llo)

(2.7)
These basis vectors span the reciprocal lattice in the plane of the film agdordin

G=na +n,a, (2.8)
where n and n are integersin the direction perpendiculato the surface, the
reciprocal space consists of rods originating at these lattice points. This is because the
chosen basigectors for the surface have no explicit periodicity information in this
direction.This is a direct consequence of the limited penetration of the electron beam
into the bulk, as mentioned earlier in this sect®a result, the reciprocal space
also ha no periodicity in this direction. ThuSguation2.8 gives rise to reciprocal
lattice rodsin the direction of the surface normarhis reciprocal lattice net is shown

in Figure2-8, along with the incident and scattered elatiwvave vectors.
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Figure 2-8: The reciprocal lattice net for the surface of the crystal showing the lattice points in the

plane of the surface, the rods perpendicular to this surface, and the incidersatrddelectron

beams at the 00 point.

The highenergy electrons with wave vectElr: 2/—’0 lEiare incident on this

reciprocal lattice net, and elastically scatter with final wave vEg:tm‘rsame

magnitudek; but in a differat direction as shown iRigure2-8. Using the Laue

condition for diffraction, we have a diffraction maximum when
ki-k =G (2.9)
In three dimensions, this equation gives the locus of points on eesph@dius k

(=ke= 2 ) thak intersect the reciprocal lattice nehbis spherecalled the Ewald

spherecan be sketcheals a means to identify these diffraction maxifawo-
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dimensional elevation view is shownFigure2-9 for an incident electron beam

along the& direction.

@

/ |' \e

Figure 2-9: A section of the Ewaldphere (not to scale) for RHEED showing the Laue condition and
the relative orientation of the lsstrate and the incident electron beam. The labels 00, 10 etc.

correspond to pand i in Equation2.8,

This construction gives us the spacing in real space between the diffraction orders

corresponding to the 00, 10,&0 ne€ orders as

k, cosg =k, cosg, +na, (2.10)
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or

B na _ 2/
cogj, =cogj, - - = =C0%, -

i as (2.11)

These n correspond to the n Laue zones. It should be noted that while the electron
beam is not incident on the origin of reciprocal space as shown, it can be translated in
to the 00 poihwithout loss of generality.

This equation gives the locations of the n0 diffraction maxima. To calculate
the spacing in the orthogordifection we look at the plan view of the Ewald sphere

shown inFigure2-9.
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Figure 2-10: A plan view of the section of the Ewald sphere showing an electron beam incident on the

00 point and scattering to the 02 point in reciprocal space

The figure shows an el echasaobstrateandm i nci d
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scattering to the 02 point in reciprocal space. We can write, for general n,

tanf, (° £,,) = %,
" Koy (2.12)

For typical values of@ n dwebavea,=1.63 A'and k=91.1A" and the
approximation tari{) @ holds. If the distance L from the substrate to the RHEED

screen is know, this relation gives the spacing of the spots in a particular Laue zone

{=_L%
k cosg (2.13)

This general framework has been extended to reconstructedesuafaa for
electron beams incident along any arbitrary direction. A MatLab script to calculate
the same is in Appendix A. The calculated position of spots in the diffraction pattern
for a 30 keV electron beam incident at 2.5° to the horizontal alongXBg ditection
of (1x1) reconstructed silicon surface is showifrigure2-11. The distance from the
substrate to the screen used is the specif
will be different as the intensity ofeashp ot , whi ch hasndt been ca

full dynamical calculations
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Figure 2-11: The expected position of diffraction maxima from aX)Lreconstructed (001) silicon

surface with the electron bedntident along the (110) direction.

2.4 Systentalibration

2.4.1 Sourcecells

To be able to grow a film of arbitrary composition and thickness, the
constituent cells need to be calibrated. The typical calibration procedure for MBE
typically involves twosteps. The first step is the measurement of the BEP of the cells

as a function of temperature using the BFM. The BEP is fit to tempenatikiras
|og(BEFj:rT_"+c (2.14)

To relate the BEP to growth rate (J) of two different delsled with a source
with atomic mass M and atomic numbeoferating at different temperaturesohe

canuse the relatiof26]
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Here

Thus,it is sea that for the same cell operated at two different temperatures, the ratio

d

Q-BEFA@ T,Mg
Js BER A, \T;M,
h=04+3%2

14
is call ed

of the growth rates is

pressure readouf this gauge, though this is difficult in practice as the reading of the

BEP ion gauge depends on a combination of geometric factors and the calibration of

t

he

at omi

c

(2.15)

effici.ency

(2.16)

In principle, it is possible to calculate the incident atomic flux from the

theion gauge controlleThe geometric factors in play here are the surface areas of

the molten chage, which is different in different cell port#he relative orientation of

the source port with the BEP gauge, and the portion of atomic flux that is directly

sampled by the BEP gaude.addition, ion gauge controllers cannot be used with

electron beamsources because the atomic flux from these sources contains ionized

species which interfere with the measurement mechanism of the ion gauge.

The second step in source cell calibration is correlating a particular BEP with

a growth rate. This is done in®@wof two ways. First, individual cells can be

calibrated using the technique of RHEED oscillations. This involves observation of

the intensity of diffraction peaks during crystal growth. The initial surface on which

the epilayer is grown is typically smdéntand this results in strong diffraction. As the

substrate is exposed to the atomic flux, the surface is roughened on the atomic scale
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as the coverage of the surface increasesMi Y4l his results in a reduction of the
strength of the diffraction peakoim the maximum. As the surface coverage
increases, it grows smoother and results in stronger diffraction up until the coverage
increases td monolayerAt this point, the cycle is repeated, resulting in a variation

of the intensity of the chosen diffraati order that has a period of the time required to

grow 1monolayerof the epilayer. This is entire process is shown schematically in

Figure2-12.
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Figure 2-12: Theevolution of the surface of a crystal with growth, and its effect on the intensity of a

particular RHEED maximumnsp).

This technique of calibrating cells is both, quick and easy. In particular, the
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growth rate at different BEPs can be determined irséimee run, reducing the amount

of time needed to calibrate the cell. However, inaccuracies in determining true peak
and valley positions results in errors in calibration. In addition, analysis of the growth
of compound semiconductors is not easy as tlaivelgrowth rates, and hence, the
composition of the grown layer, cannot be determined unless the growth rate of one
of the elements in the matrix is known. Other pertinent crystal information such as
layer relaxation cannot be obtained easily. Such mmdédion can be obtained by-rgy
diffraction analysis. This technique probes the spacing of the crystal planes in a
material. These experiments are conductediexin a commercially availableray

diffractometer. The geometry of the system is showfigure2-13.

Ao

i ¢ (rotation)

Figure 2-13: Geometry and angles in a standard high resolutiayxiffractometer.
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The scattering of the -xays off the crystal is shown Figure2-14. Of two
scenarios the symmetric scan (¥y=2d) is sho
be expected at angles that satisfy the Bragg condition

2dsing=n/ (2.17)
Inthisces e of a sy mme dthe lattice pameter being pnobed is the
spacing between the planes in the direction of epitaxial growth. This does not allow a
direct measurement of the lattice spacing in the plane of growth, and hence, layer
relaxation cannot be measured. By probing the sample asyicatigithe inplane

lattice constant and the layer relaxation can be determined.
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Figure 2-14: The Bragg condition for Xay diffraction, showing the path difference between the two

beams.
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The collected dta is studied using the accompanying software which
implements a dynamical model forray diffraction to fit both, the peak positions and
peak heights. As with RHEED, the peak positions are easily identified by a repeated
application of the Laue conditio A complete description of the technique is beyond
the scope of this thesis and the reader is referred to [35] for a thorough discussion. By
growing a typical short period superlattice and analyzing tteabedy-2 d s can, t he

absolute growth rate of a particular cell at a particular temperature can be calculated.

2.4.2 Dopantcells

Calibration of dopant cells differs significantly from that of matrix source
cells. This is because the standard technique ofuriagshe BEP cannot be applied
as the fluxes involved are very low. For example, in a semiconductor doped to 10
cm’®, this corresponds to a dopant to source flux ratio of approximat&lyatich in
turn corresponds to a BEP of <ambar. This is belw the measurement range of
ion gauges (18" mbar). A BEP measurement would not convey information about
electrical activation of the dopant species in the semiconductor. Finally, unlike boron,
the sticking coefficient of antimony on silicon depends gjiyon substrate
temperaturg¢34], necessitating a direct electrical characterization of the grown film
instead of solely measuring the BEP. To that end, the dopant cells in DepD are
calibrated using a standard Lakeshore 7504 Hall measurement setupopest Si
films are grown on intrinsic (100) Si substrates at a fixed growth r@tevith the

dopant cell maintained at a constant temperature. From the vapor pressure chart of
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Figure2-4, the dopant density atparticular temperature can be estimated to within

an order of magnitude, assisting the estimation of the cell temperature. In this thesis,
all n-doped films are grown at a substrate temperature of 4568CfIms are grown

at 550°C, and{%iGe films arggrown at 450°COnce this sample is grown, pieces

4mm x 4mm are cleaved and mounted in a van der Pauw geometry as shown in

Figure2-15.

Figure 2-15: Van der Pauvgeometry used to make electrical contact to the Hall samples. Typically,

L=4 mm and for accuracy,/t >15, where t is the thickness of the doped layer

The sample is then probed electrically while being placed in a constant
magnetic field thais normal to its surface. By measuring the resistances across
different pairs of contacts as a function of applied magnetic field (typic&lydslg
at a constant drive current, the Hall coefficientalRd magnetoresitivity,, can

measured. This can be converted to a carrier mobjlitysing

m ===
I ay (2.18

Using the mobility and the resistivity, the carrier concentration N can be extracted as

N = Lav (2.19

~ myet

This measurement technique is accurate to within +10% provided the film thickness t
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is significantly larger than the depletion layer thickness for the structure grown. The

extent of the depletion region into the doped layer is given by

d

n [2e, kT, 4NQ
PN\ eN e 3 O
" ¢h = (2.20)
This depletion region width is typically very small and is calculated to be 6pan for
carrier concentrationf 10" cm>. As a resultthis effect can typically be ignored.
However, this can be a concern while growing films with arghtrinsic carrier
concentrations, such as germanium.

By growing doped films at three different cell temperatdrés units of K)

the dopant density at any cell temperature at this growth rate is given by the fit
Iog(N):_rI_—n+c (2.21)

If a growth necessitates a different growth ratetRe required temperature ©

achieve a dopant density N can be determined by solving

|09%F;§N ‘e (2.22)
G s

|-COO
1|3

2.4.3 Pyrometercalibration

Of the elements used in DepD, otite sticking coefficient of antimony is a
strong function of temperature. As a résun accurate substrate temperature monitor
is essential to be able to growdnped films in a repeatable and reproducible manner.
[34] In this thesis, the pyrometer wadibeated using the eutectic point off aluminum

in silicon. It is widely known that aluminum dissolves in silicon at precisely 577°C.
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[35] This is seen clearly in the binary alloy phase diagram of tH&i Alaterial

system, shown ifigure2-16. At this temperature, the aluminum dissolves into the

silicon, causing the smooth, highly reflective aluminum to turn rough and textured.
The procedure is as follows3q] First, a silicon wafer is cleaned in

hydrofluoric acid and loaded intbometal evaporator with a metal shadow mask.

Next, 30004 of aluminum is evaporated. Upon unloading from the evaporator, it is

immediately loaded in the intro chamber of DepD and after a standard overnight bake

at 150°C, it is transferred into the grovethramber. Next, the substrate heated at a

slow ramp rate of?C/min. The substrate through one of the quartz viewports, and

when the aluminum spots begin to turn rough, the ramp is stopped and the emissivity

is adjusted sthat the pyrometer reads 572 with a typical value 00.48
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Figure 2-16: The binary alloy phase diagram for aluminum and silicon, showing the eutectic point at
577 °C B7]
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Chapter 3: Improvements to Silicon MBE

3.1 Introduction

The biggest difftulty faced was the realization of an accurate rate controller
for the silicon electron beam. Solving this problem necessitated the design, assembly
and calibration of an atomic absorption spectrosdmgsed rate controller. This is
detailed in Section 3.Z'he other challenges faced were identifying a suitable
crucible and liner for the higtemperature boron cell (Section 3.3) and identifying
the optimal substrate cleaning and thermal treatment for growth on silicon and

silicon-germanium virtual substret€Section 3.4)

3.2 Ratecontrol of the silicon electron beamsource

3.2.1 Challenges and preliminary solutions

As mentioned in the previous chapter, the use of solid source MBE as a
growth technique for silicon necessitates the use of an electron besra &
silicon. This presents its own unique challenges. First, the conventional method of
calibrating a cell by measuring its BEP cannot be used. This is because the silicon
flux from the ebeam source contains charged particles that interfere with the
operation of the ion gauge. This is showirigure3-1 where the BEP is measured
with the cell shutter opened and closed. Also shown for comparison is the same
measurement but with a germanium cell. For the silicon cell, theaszin BEP
with the shutter open suggests that the increased number of positively charged silicon

atoms is neutralized by the electrons emitted from the ion gauge. This precludes the
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use of the BEP gauge to calibrate the cell at a particular emissiemtcuinraddition,

there is no direct measure of cell temperature, further hampering the ability to control

the flux.
1E-7
_ Open Ge
shutter CloseGe
shutter
1E-8 -
= ] \ [—Ge
g o\ =
o 1E95 shutte CloseSi
= ] shutter
Open Si
—_— shutter——» CloseSi
; shutter
—
400 800 | 1200
Time (sec)

Figure 3-1:. The BEPs (collected separately) of the silicon cell at an electron beasi@ncturrent of

75mA and for a germanium cell at 1300°C. In each case, the shutter was opened at approximately 750
seconds. On exposure to the charged silicon flux, the pressure read by the BEP gauge is artificially

low. The Ge cell does not demonstrtitis problem, and a BEP measurement can be made.

Another problem with calibrating the growth rate against emission current is
that this is variable. The origin of this variation is tfetd. First, from geometric
conditions, the flux that passes throulgh aperture on the cooling roof and the water

cooled jacket on the source flange depends on the location of the melt with respect to
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these apertures. This is understood by studying the cutaway diagFagaiia3-2.
Moving the nrelt across the entire source is necessary to maximize the usage of
available material.

Second, as the source is consumed, the thickness of the ingot charge is
reduced. This reduces the thermal resistance of the charge, which in turn reduces the
source terperature at the same emission current. This causes the cell to drift out of
calibration. The solution to these problems is to directly measure the silicon flux
while the epitaxial layers are being grown. One way this can be achieved is by using a
guartz cystal monitor (QCM). The silicon-beam source used is outfitted with a
QCM and its location with respect to the source and filament is sholgune 3-3.

While this approach was found to be usable, it did not allow for aestabl
measurement. This is again from geometrical concerns. As seen in the figure, the
QCM does not sample the flux that is directed towards the substrate, but a portion of
it. This results in the same problem as befodeifting calibration with consumption
of the source material. While it is possible to correct for this by recalibrating the
QCM during the growth, this is not an attractive option. In addition, the QCM
presents two significant challenges. One, the crystal is observed to fail frequently,
approxmately once everfive epitaxial growths. This necessitates a full system
shutdown and venting the chamber to atmosphere. This is highly undesirable from an

operation standpoint as it involves a tweek downtime.
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Figure 3-2: A cutaway view of the silicon source, highlighting the apertures of the cooling roof (in

yellow) and the multiple flange adapters and the gate valve. Any drift in the position of the melt results
in a change in the direction of thomic beam, and hence, the flux incident on the substhaizge

courtesy V.Yun)

A second, more subtle challenge is that the controller used (an Inficon XTC/2)
has a resolution of 0A/s. With a typical growth rate of 0-B.0A/s, this corresponds
to apotential variation of up to 12.5%, which is unacceptably large for MBE
applications. In addition, QCMs are sensitive to changes in temperature and stress

bothof which reduce the usability of the techniq[26]

50



Figure 3-3: The location of the QCM in relation to the source and the path of the atom flux to the
substrate. In such a configuration, it is to be expected that a drift in position of the melt would cause a

change in the flux incident on the ®IC(Image courtesy V.Yun)

3.2.2 Direct monitoring of the atomic flux

The solution to the problems listed is to actively measure the flux that is
incident on the substrate. In addition, if this measurement is performed between the
source and the shutterwill allow for a controlled ramp to the desired silicon growth
rate. Two common methods of implementing such a flux monitor are the techniques
of atomic absorption spectroscopy (AASY, 38]and electroAampact emission

spectroscopy (EIESB9]. Both tchniques involve actively probing the atomic flux.
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Atomic absorption spectroscopy is a highly sensitive and selective technique
that is used to accurately determine the concentration of an atomic species in the
vapor phase. It is based on the selecth@gption of photons resonant with an
atomic line of free atoms. A block diagram illustrating the operating principle of a
typical AAS flux monitor is shown ifrigure3-4. In this setup, a light source with
strong outputntensityl, at one of the strong resonance lines of the species being
evaporated is coupled through the vacuum system. As these resonant photons pass
through the atomic flux, some are absorbed, transferring the neutral atoms to an
excited state. The instantane@isorption coefficient of the flux cloudis
determined by the number of atoms according to

a=Ns (3.1)
where N is the number of atoms in the atomic beam that interacting with the optical
beam and 0 i s dsdctonofdachatonp Thisabsorptiaruesinsa
decrease in the throughput intensity at this resonant line accordingtb Beatb er t 0 s
law

| =1,exp(- al) (3.2)
where | is the geometrically described interaction length of the optical beam and the
atomic flux and is shen in the figure. This can be monitored instantaneously using a
suitable photodetector, allowing a direct measurement of the atomic flux, which in

turn allows control of the source.
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Figure 3-4: A basic schmatic of an AAS flux monitor as described in the text. Also indicated is the

geometric extent of interaction between the optical beam and the flux.

Electron impact emission spectroscopy is an analogous technique where
optical emission at the same resorlar& is monitored. In this technique, thermionic
electrons from a filament driven at a specific current excite the atoms to a specific
excited state. When these atoms relax to their ground state, they emit a photon at a
characteristic wavelength. The inggty at this emission line is a direct measure of the
atomic flux, and is monitored by a suitable photodector as in the case of an AAS
system. This measure of atomic flux allows control of tie@m source. A detailed
description of the design and op@vatof an EIES flux monitor is presented[89].

For the purpose of this thesis, an AAS flux monitor is chosen for the following
reasons:
An AAS monitor has no kvacuum parts. This means that any service to the
flux monitor can be done without ventingetMBE system, even during a
growth. An EIES system, on the other hand, requires a filament in vacuum.
Replacement of this filament would require that the growth be aborted, and
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the system be vented.
ii. An AAS monitor can be designed to sample the entiretii@atomic flux
beam, while an EIES monitor samples only a part of the beam that interacts
with the electrons emitted by the EIES filament.
The rest of this section will provide details on the design of an AAS flux monitor and

itds commi ssioning.

3.2.3 Design of an AAS flux monitor

As seen irFigure3-4, the main components of an AAS flux monitor are the
light source with strong emission at the resonant line with the atom, the wavelength
selection element to only select photolzse to this resonant line, and a
photodetector. For silicon, the conventional analytical absorption (and hence,
emission) line is the 3p48,A 3p °P; line at 251.6nmConventional incandescent
lamps which have very low output in the UV range cannot bd.uastead, a
specialized lamp (Cathodeon FBQNY/SI) with strong output at the desired UV
line, called a hollow cathode lamp (HCL), is used. The construction of such a lamp is
shown inFigure3-5.

This discharge lamp consistsabhollow, cupshaped cathode made of the
element of interest and an anode, and is filled with a low pressure inert gas such as
neon or argon. When the applied voltage is sufficiently high, a plasma is created
which then sputters neutral silicon atomairthe cathode. These silicon atoms that

are now in the vapor phase are then excited by the electrons, and when they relax to
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the ground state, optical emission at the characteristic analytical lines are observed.
This light is collected and focused by fkas at the output window of the lamp. It is
important to note that the output will contain the spectral lines of both, the fill gas

and silicon, the cathode element.

/f z

.F —

D,
DCVoltage source \ 7\
Anode

Figure 3-5: The internal structure @ hollow cathode lamp. At a sufficiently high drive voltage, a fill
gas plasma is created electrons from the anode sputter atoms from the cathode. Interaction between the

neutral atoms and the electrons cause excitations that generate light.

This light isthenmechanicallychopped to enable a lodk detection scheme
to maximize sensitivity and is then suitably coupled into the vacuum chamber. In our
case, this is achieved using HkMnsmissive multimode fiber (1mm core diameter)
and a custom modified wateooling jacket shown ifkigure3-6. The chopped HCL
output is coupled in and out of the vacuum system througtiud®d silica viewports
mounted on the 1.330 diameter conflat fl an
thevieworts, the tube to they are mounted are
the source flange of the growth chamber, below the source shutter. This location for
the flux monitor is chosen to best represent the flux incident on the sulbstrate

abovethe apertures of the cooling roof showrFigure3-2, and that of the flange

55



that attaches the mini chamber to the growth chamber.

Figure 3-6: The custom water cooling jacketfwh 1. 330 UVFS vi ewports removed
coupling of the HCL into the vacuum chamber. This jacket is attached to the topmost flange shown in

Figure3-2. (Image courtesy of V. Yun)

To maximize coupling in andut of the vacuum system, this cross is outfitted
with fused silica (UVFS) viewports that transmit 92% of the light atr#B0At the
output viewport, a custom housing is used to attach a focusing lens, a UV bandpass
interference filter and a photomultiplijibe. The interference filter used has a central

wavelength of 258m and a passband of ath and a peak transmission of 12%. This
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filter is needed to block the spectral lines of the fill gas in the HCL, as well as
radiation from the hot silicon sourdeis to be noted that the analytical line, like any
atomic line, is extremely narrow (~Jdn), and a narrower filter would improve the
signatto-noise (SNR) of the measurement scheme. Using a monochromator in place
of the chosen filter will allow a reduot of the passband to -aln, and with

increased peak transmission due to the fact that UV gratings can achieve efficiencies
>60%. However, geometric concerns preclude the use of a monochromator in our
system, and a filter is used instead. It should bechtitat in addition to the

fundamental transition of interest, there are other competing transitions within the
bandwidth of the filter that result in an increased background. A compact
photomultiplier tube (PMT) module (Hamamatsu H7-082, which consistef a

PMT and the necessary drive electronics, is used to measure the optical power
transmitted through the atomic flux. Use of a PMT is vital for the implementation of
an AAS flux monitor as conventional U¥hhanced silicon photodiodes have a
prohibitively high noise floor. This is shown Figure3-7, which compares the
normalized outputs of a photodiode and a PMT. This comparison is obtained by
separately focusing the output of the HCL on the filtieotodiode ad the filterPMT
combinations. As can be seen, the PMT is able to resolve variation in the beam

intensity, while the photodiode could not.
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Figure 3-7: The normalized HCL output as measured by a PMT and-&hhanced silicon

photodiode. The noise level of the PMT is sufficiently low enough to allow a measurement of the drift

of the HCL output, while the photodiode cannot.

With this choice of detector, a preliminary attempt at using this setup was
made. Thigevealed that drift in the lamp was larger than the specified 0.05%, and
was measured to be 0.35% over a period of 1 hour. To compensate for drift in the
lamp, a reference arm is included. This dual beam dual detector implementation is
shown schematically Figure3-8. The reference signal was obtained by using the
Fresnel reflection from a 10 diameter
then focused onto a second fifeMT combination. This setup requireg separate

lock-in amplifiers (Signal Recovery 7265). This combination is found to significantly
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reduce the short term drift in the setup. This is shovkigare3-9 where driftof
~1%in both the signal and reference armshisesved, but the ratio of the signal to
ratio is effectively constant (<0.1% drift), allowing a true measure of the transmission

through the atomic flux.

Growth
Dual beamdual detector AAS system chamber

Germanium

PMT1 effusion cell

Filtert |Reference beam

i To lock-in 1
Silicon hollow z E
m
cathode lamp N
251.6nm g 7= UV multi-mode fiber ]
Quartz plate Signal beam
To lock-in 2

Optical chopper

Tolock-in1 and 2 Silicon e-beam

source

Figure 3-8: The implementation of a dual beam, ddatector AAS flux monitor.

It is important to note that the reference signal must be generated by the
analytical line being used and not the variation in the fill gas background. It was
found that the drift in the optical output outside at two differeatelengths, that of
the silicon and of the neon fill gas, were uncorrelated. This is sdegure3-10,
where a simultaneous measurement at the 2&fh.bne using the PMT is compared

with the fill gas spectrum as measured Iphatodiode.
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Figure 3-9: The measured intensities of the signal and reference channels, and the ratio of the two,

highlighting the advantage of using a dual beam scheme.

While Figure3-9 demonstrates the significant improvement in the short term
stability of the optical circuit engendered by the implementation of the dual beam
setup, it does not address long term instability that is observed. It is observed that the
transmission tlough the system varies gradually over a period of 1 hour in the
absence of a silicon flux. This long term drift causes significant errors in the
calibration of the system, reducing the viability of the AAS system to accurately

control the flux.
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Figure 3-10: The measured lamp intensities at the analytical line (251.6nm) measured using a PMT,
and that of the unfiltered fill gas spectrum, measured using a photodiode. The lack of correlation

between the two hidights the unsuitability of this method.

This drift has two sources:
i. The two filters used arenot identical a
characteristics. In the setup shown, the filter used on the reference arm has a
center wavelength &56.35nm, a FWHM bandwidth 0f10.02nm and a peak
transmission of 15.44%. This is in contrast with the filter on the signal arm,
which is centered &54.87nm with a bandwidth of 9.8@m and a peak
transmission of 16.08%. When the background around the analytical line

changes slightly, the light passing through each of these filters is slightly
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different due to the differing transmission characteristics, which in turn results
in nonridentical changes in the light incident on the PMT.

ii. The two PMTs have photocathodes wdifferent emission characteristics.
This is an additional source of naprrespondence of the outputs of the signal
and reference arms.

The combination of these two factors can be expressed mathematically as

/25

s (/)Ghs(/ )asPuc. (/. t)d/

IS(t - /1s a_S
| t /2R >
O omawPu 00
e (3.3

Here,the subscripts S and R referthe signal (S) or reference (R) bedrs the
PMT currentat t ii;@e@ darethe cudon and coff wavelengths of the filter,
T(a) is the tralsimd saionnotfanthet Hdtl teeacount
coupling and propagation losses in the signal and reference arms, as well as the
Fresnel réectionand act or s d(e) is the spectral effi
PMT. G is the PMT gain an®c.( &, t )  kvarying $pectral powee density of
the HCL.
As can be seen, the ratio of the signal to reference beam in such a case is not
exclusively a measure of the absolute drift of the analytical line, but includes other
factors. While correcting for this is possible if all four transfer functions are known,
this is computationally intensive and not feasible. A simpler and more elegant
soluion is to use a single filter and a single PMT to measure both, the signal and

reference beams. Absent a flux, this can be expressed mathematically as
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and is timeinvariant with value SR.

While such an experimentomld typically require two lockn amplifiers, it
can be carried out with one, if the dual reference mode of the SR7265 is used. This
gives us the final version of the AAS flux monitor implementing a dual beam single
detector scheme, shownhigure3-11. The long term stability of this implementation
is shown in

Figure3-12 highlighting the improvement over the dual beam dual detector
scheme. For the measurement period shown (7 holes)is drift in the single
detector implementation was only 0.06%, in comparison to the 0.2% variation in the

dual detector implementation.

Dual beam single detector AAS system /:

Growth

chamber
Germanium

effusion cell

Optical chopper 2
8 Fromlack-in, reference beam chop frequency
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Silicon hollow = _ T
cathode lam _/__ U @ S
251.6nm g / :’D UV multi-mode fiber .
50-50BS To lock-in
'

Optical chopper
To lock-in, signal beam chop frequency
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Figure 3-11: The sthiematic of the implemented ddadam singledgector AAS flux monitor
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Figure 3-12: The drift in the transmission in the single and dual detector sch&émesingle detector

scheme is observed to be significantly more stable.

3.2.4 Calibration

As with standard effusion cells, the silicon cell with the AAS flux monitor can
be calibrated either using the technique of RHEED oscillations or by growing
strainedlayer superlattices and analyzing the fringe spacing usirayX
diffractometry (detailed in seéoh 2.4.1). It was found that excellent calibration could
be obtained by measuring the RHEED oscillations of a growing, unstrained silicon
layer on a (111) oriented silicon substrate. The calibration was performed as follows.
First, the HCL was turned omd set at a constant emission current, typically 10mA

and allowed to stabilize for an hour. After this period, the intensity of the signal and
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reference beams was recorded to obtain the relative strengths of the signal and
reference in the absence of ailicen flux. This allows recording of the value of SR

in equation (3.2). The data is recorded using a MatLab GUI that interfaces with the
SR7265 via a GPIB connection. This value is retained for the rest of the experiment.
At this point, the transmissiondnd absorption A through the system can be

expressed as

I, (t)SR (3.5)

Next, the silicon cell was ramped up slowly to a number of emission set points. At
each location, where possible, the absorption was measured as a fahttten
silicon growth rate as measured from the RHEED oscillations. This is shown in

Figure3-13and allows for the calibration of the system as

Growth RatéA/s) = A(%0454 (3.6)

As seen in the figure, absommti varies linearly with growth rate, enhancing
ease of control of the silicon electron beam source. This AAS flux monitor facilitated

the growth of heterostructures detailed in this thesis.
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Figure 3-13: The calibration curve for the implemented AAS flux monitor, showing linear operation.

3.3 Selection of liner for boron dopant cell

As mentioned in Chapter 2, boron is a low vapor pressure element, requiring
the use of a higitemperature effusion cell. Thcell uses only refractory metals in the
hot zone, allowing it to be used up to 2000°C. This high temperature precludes the use
of a standard pBN crucible, which is not recommended for use above 1400°C.
Instead, refractory materials such as tungstemaltantand alumina are used. In this
case, a 10cc tungsten crucible is used. To avoid contamination of the source material
by metal, a liner is used to prevent physical contact between the source and the metal
crucible. Alumina, beryllium oxide, pyrolytic gphite (j85) and zirconium oxide are
all liner materials specified by the manufacturer as compatible choices, with

beryllium oxide being the original liner used. It is found that this configuration could
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be used to grow epitaxial films with the requiredriesrconcentrations. However, it
is found that this configuration is not suitable for MBE applications, as there is
evidence of the films being of poor quality. Covington and Meeks have reported that
BeO is unsuitable material for use in substrate hest&saAs MBE systems due to
an increased-type carrier concentration in the grown filfg0] These contaminants
were not identified, and were ascribed to occurring in the porous BeO matrix. It has
been hypothesized that these might be beryllium or oxym&mo proof was
provided. [28] In this section, a c@arison of samples grown usinG @and BeO
liners is made.

As mentioned in the previous chapter, RHEED can be used to study the
evolution of the surface during crystal growth. In the case of bdoped silicon
films grown with this configuration, the evolution of the RHEED pattern suggests
that there is possible contamination of the film.

Figure3-14 shows the reconstructed silicon surface before and after the
growth of a film that was measured to have a carrier concentration'&ini® It is
well known that boron is a wellehaved dopant in silicon MBE with excellent film
quality for dopant densities up to?€m?. [41] In particular, thé2x1) reconstruction
of the silicon surface is expected to be preserved during the course of the growth, and

is not observed here.
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Figure 3-14: The RHEED images obtained from the bedmped Si sample (p = ¥cm?®) with a 15
kV electrans incident along the [100] (left) and [110] azimuths. The highly spotty nature of the image
indicates poor film quality and poor long range order. For this operating condition, onl§ltha®

zone is imaged.

Figure 3-15: The RHEED images obtained from the bedmped Si sample (p=4xicm?) with a 30
kV electrons incident along the [100] (left) and [110] azimuths. In both cases! ltheid zone is seen,
though in the [110] image, it is extremd&int. The smooth, streaky patterns in tHezbne indicate

quality material.

In contrast, the film grown with the pGhér does not show similar
degradation.Figure3-15 shows the posgrowth RHEED patterns of a sample doped

to 4x10"%mi®. Strong streaks are observed, indicating smooth films.
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Further evidence of poor material quality is obtained by comparing the
surfaces of the films using tapphngode atomic force microscopy (AFMrigure
3-16showsa scan of a 4 em x 4 e€m area of a typi
This surface is highly textured and is measured to have a root mean squared (rms)
roughness of 1.9 nm. This is equivalent to almogshb#olayerswhich is strongly
indicative of poorifm quality. In contrast, the films grown using the pG liner are
significantly smootherfFigure3-17 shows an AFM image of a representative x

4 um area with an rms roughnesslof nm.

.00

=0 15.9 rm

.00 7.5 nm

00 0.0 nm

Figure 3-16: The observed surface morphology using AFM of the balgred sample grown with a

beryllium oxide liner as described.
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Figure 3-17: An AFM imageof thesurface morphology dahestrudure grown with G liner in the

boron cell. While point defects are observed, the sample is snenoth

XRD was used to study of the crystallinity of these filritds known that
doping silicon with boron causes a contraction of the lattice and irtesdansile
strain in the films[41] Evidence of this strainan be observed in films of high
gual ity as thi cxd eRBD fsdahpgers®I8iathist hien ¥
comparison for two films with measured dopant densities of #x#®® grown with
each liner type. The film grown thithe pG liner shows fringes corresponding to a
strained film that is 480 nm + 30 nm thick. In contrast, the film grown with the BeO
liner shows a broadening of the silicon peak without thickness fringes, indicating

lower crystal quality.
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Figure 3-18 XRD scans of gloped silicon films grown with a BeO and pG liners.

Verification that the source of contamination was the BeO liner and not
another unknown cell was obtained by destructive analysis of mlbadesigned
sample using secondary ion mass spectroscopy (SIMS). The schematic of this sample
is shown inFigure3-19. The results of this SIMS analysis are showRigure3-20,
highlighting the stejiike increases in the boron concentration with a corresponding
increase in both, the beryllium and oxygen concentratianthermore, at high cell
temperatures, the carbon level is found to increase significantly abovadkground
level of 13" cmi®. The concentrations of Be, B and O as a function of cell
temperature for the sample grown with the BeO liner are plotted in
Figure3-21. Because beryllium is an acceptor in silici8t)] the majority of carriers

observed during Hall analysis are associated with the beryllium from the
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decomposing liner and not the boron charge. As showigure3-21, the
temperature dependent concentrations are fit to dmeAms model,

cC~ exp(- Ea/kBT), yielding a characteristic energy of 4.65 eV + 0.3 eV for

beryllium and 4.89 eV % 0.06 eV for oxygen. This is close to 4.66 eV + 0.23 eV, the
experimentally determined bond dissociation energy of.B42) The proximityof

these values to the bond dissociation energy of BeO further suggests that the
decomposition is not catalyzed by the boron chdtg#hould be noted that the
concentrations of beryllium and oxygen exceed their solubility limits in silicon, which
explans the mechanism that causes the surface roughness and XRD peak broadening.

[43, 44]

0.1um p-Silayer (p>1E2@&m-3) (Tg=1650°C)
0.1um Si spacer

0.3um pSilayer(p~1E® cm-3) (Tg=1500°C)
0.1um iSi spacer

0.3um pSilayer(p~1EB8B cm-3) (Tg=1350°C)
0.1um +Si spacer

0.3um pSilayer(p~1E17 cm3) (Tg=1200°C)
0.4um +Si buffer

p-B (100) Si substrate

Figure 3-19: Layer structure of the sample designed to demonstrate the unsuitability oé thieaus

BeO liner.
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Figure 3-20: SIMS analysis of the sample showrFigure3-19, showing significant beryllium and

oXygen contamination.
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Figure 3-21: Concentrations of Be, O and B in the sample grown with the BeO liner as a function of

the boron cell temperature as measured by SIMS.
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SIMS analysis of a layer structure similathe sample shown iRigure3-19
revealed that there was no similar sli&p increase in beryllium and oxygen and that
the carbon background is not significantly affected either. This structure and SIMS
analysis are shown frigure3-22 andFigure3-23respectively. Carbon is measured
to be at a constant background level, suggesting the stability p&theer. In fact,
this concentratioms almost identical to the carbon background of the samplengrow
with the BeO liner (1.5x10 cm™®), suggesting that the carbon source is not the pG
liner but couldresult from the vacuum chamber, possibly from the carbon cell. The
Be concentration is below thestection limit of this analysis.Xygen is at a constant
background valuef 1.3x13° cm® and is related to a leak in the chamber that has

since leen fixed.

0.13um p-Silayer (p>1E2@&m-3) (Tg=1700°C)
0.13um Si spacer

0.27um p-Silayer(p~1EB cm-3) (Tg=1584°C)
0.13um Si spacer

0.27um p-Silayer(p~1E18 cm-3) (Tg=1488°C)
0.13um +Si spacer

0.27um p-Silayer(p~1E17 cm3) (Tg=1390C)
0.18um tSi buffer

Intrinsic (100) Si substrate

Figure 3-22: The layer structure of the sample designed to verify the dititaid the pG liner.
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Figure 3-23: The SIMS analysis of the sample showkigure3-22, showing thémprovement

over the previous cell configuration.

Fitting the measured carrieoncentrations for the Hall samples grown with
the BeO liner to an Arrhenius model yield a characteristic energy of 5.@0e37
eV. In contrast, a similar fit of the boron concentration as measured by SIMS gives a
characteristic energy of 6.38 eV + 0.8V. Alternatively fitting the measured boron
concentrations from Hall measuremeotsamples grown with the pG liner yields a
characteristic energyf 6.29eV + 0.07eV, which is close to 6.18V + 0.06eV that
is obtainedirom SIMS analysis.In addiion, the SIMSmeasured boron concentration
is within 10% of the Hatmeasured carrier concentration. No similar comparison can

be made for the samples grown with the BeO liner, where the expected concentrations
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of boron as predicted from the analysishe S5IMS data differ by up to an order of
magnitude. This disparity, along with the differing characteristic slopes of the Hall
measured carriers and SIMS analysis of boron, demonstrates that the beryllium and
boron donors are partially compensated by orylge the sample grown with the
BeO liner.

These results prove the superiority of a2 liner over the BeO liner. This
allows growth of good quality-doped layers, which is crucial for the growth efip

diodes that this thesis sets out to accomplish.

3.4 Substrate cleaning and thermal pigeatment

A clean substrate is a prerequisite for the growth of-Qiggdity epitaxial
films. Defects and impurities on the substrate can adversely affect the quality of the
epitaxial layer. To that end, identifyirag effective substrate preparation procedure is
vital. This procedure consists of two pdrta wet chemical clean of an-esceived
substrate followed by thermal treatment immediately prior to growth. While the
effectiveness of several wet chemical clegrmprocedures, such as the RCARCA
2 and Piranha cleans have been repod&g4f], the effect of the thermal treatment
as it relates to epitaxial film quality an
this section, the process and evaluatiosilafon substrates will be discussed in
detail, with additional information for the preparation of silicon germanium virtual

substrates
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3.4.1 Wet chemical cleaning and the need for thermal treatment

It is well known that silicon forms a stable oxide whexposed to ambient
conditions. This oxide chemically passivates the surface. The precise thickness of
oxide layer depends on the storage conditions, but typically is between 2 and 20A.
[47] If the initial substrate is clean, removing this oxide layeeats this clean
substrate layer underneath. This assumption of a clean, initial substrate is typically
valid, especially if the wafers used are polished and clean and not exposed-+to a non
clean room environment. The oxide layer is easily removed in aoagunedium
containing hydrofluoric acid.

SiO; (s) + 4HF (DA SiF, () + 2H0 (1)

The SiR salt formed is easily dissolved by water, leaving a clean silicon surface.
Unlike the atoms in the bulk, the surface silicon atoms have two unbonded electrons.
Sud a configuration is highly reactive, and stability is achieved by forming a weak
bond with hydrogen from the acidic environment.

Si+ 2 HA H--Si--H

This hydrogen terminated surface is hydrophobic, effectively passivating the surface.
This surface is stde in air for several minutes and for much longer in the absence of
oxygen [4§]

In this thesis, a 5% solution of HF is used to remove this oxide layer, leaving
behind a clean silicon surface. The substrate is then briefly rinsed in deionized water
(DI) to remove any residual HF and dried with clean nitrogen. It is then loaded in the

intro chamber and roughed out immediately. The typical time elapsed between when
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the substrate is removed from HF and loaded in the intro chamber is between 1 and 2
minutes ad it is expected the hydrophobic surface is retained. Approximately
another 5 minutes are required to evacuate the intro chamber and crossover to
ultrahigh vacuum.

Several authors have reported on more involved cleaning procefi%é2]
However, it isfound that the procedure detailed above when combined with a thermal
treatment is sufficient.

The need for thermal treatment is thadd and is carried out in a twstep
process. One, the residual water from the final rinse needs to be removed before the
substrate is introduced into the growth chamber. This is required to preserve the low
water background pressure and maintain chamber cleanliness. This is accomplished
by heating up the substrate to a temperature of 150°C at a raf®©fmin in the
intro chamber. In this process, any water that is adsorbed on the substrate is thermally
driven off and is captured by the cryo pump.

The second reason that a thermal treatment is required comes from
recognizing the fact that the substrate is not yet readyréovth. At this point, the
substrate is still hydrogen terminated. While epitaxial growth on a hydrogen
terminated silicon surface has been reported, these wafers have large dislocation
densities (1610° cm®) at the epilayesubstrate interfac§s1] This is unacceptably
large for device applications. The stability of this hydretggminated Ssurface in
clean water allows for the removal of large drops of HF without disturbing the clean
surface[48] However, XPS studies have shown that up to 0.08otagers (ML) of

residual fluorine, along with oxygen and carbon are present on this s{#f¢S]
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In addition, there is potential for contamination from the loading procedure. This is
because the entire intro chamber is exposed to ambient air, gratehéal for
adsorption of atmospheric contaminants and hydrocarbons exists. Further, the ion
gauge that is used to monitor the pressure of the intro chamber can act as a hot zone
to crack some of these hydrocarbons, resulting in a cartwotaminated sudbrate
[51] While this can be partly avoided by not using the ion gauge, it would involve
defeating safety interlocks and isndt the
second, higher temperature thermal soak to desorb the hydrogen and any other
contaninants. This thermal treatment is performed in the growth chamber while using
RHEED to monitor the evolution of the surface. This is particularly important for
silicon-germanium virtual substrates/relaxed buffer layers, where the thermal budget
is limited. Specifically, diffusion of germanium from a silicgermanium relaxed
buffer layer into the silicon substrate is observed when annealed at temperatures
higher than 85@ andthis condition is to be avoide{b4]

This section is organized as follows.dgjrthe thermal evolution of the
RHEED pattern of several different wafers (0@tiented Si and Ge wafers is
described and defines the temperature window for study. Changes in the surface
reconstruction with temperature are identified and explained tisendesorption or
incorporation into the interface of known residual contaminants from the cleaning
procedures used. Included in this discussion is the evolutio &% 17 relaxed
buffer layers (RBL) capped with a 1-76thick tensilestrained Si laye Next, the
RHEED progression of commercially availablg &35 17and Si-Gey 3 RBLS is

presented. The effect of incomplete oxide desorption on epitaxial Si/SiGe film quality
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is then demonstrated by comparing defect densities of flms grown oxygen
corntaminated and oxygefnee Si and SiGe surfaces using etch pit density
measurements and cressction transmission electron microscopyally, the
thermal evolution of these surfaces is explained in terms of known surface

contaminants and reconstructiansged using STM.

3.4.2 Evolution of the silicon surface

As mentioned earlier, the-4maded substrate is hydrogen terminated. This can
be visualized as seenkilgure3-24, where the diamond lattice is shown. All atoms
not onthe surface are bonded to 4 other silicon atoms. The atoms on the surface,
however, are bonded to two hydrogen atoms each as shown. When evaluated using
RHEED, the surface shows an unreconstructed sutfeagere 3-25 shows the
RHEED images obtained with the incident electron beam along the [110] and [100]

direction.
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Figure 3-24: The hydrogerterminated (001) Si surface. The blue plane is the (001) plane and
separates the surfaceats from the bulk atoms below, with the large grey balls representing silicon
atoms. The edges of the plane as shown are along the <100> directions. Each surface atom has two

unbonded electrons which pair with atomic hydrogen, passivating the surface.

Figure 3-25: The RHEED images of the X1) H-terminated silicon surface with 30kV electrons

incident along the [100] (left) and [110] (right) azimuths.
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When loaded into the growth chamber, the sulesteahperature is 200°C.
Upon heating to a temperature of approximately 440°C, the hydrogen desorbs,

resulting in the formation of the X2) reconstruction and results in the reconstruction

of the surface to a €1)-like structure as seen kigure3-26.

Figure 3-26 The RHEED images of th@x1)silicon surface immediately after hydrogen desorption
with 30kV electrons incident along the [100] (left) and [110] (right) azimuthe.clean, streaky

nature of the spots in th& Qaue zone suggests a clean surface, but this is not the case.

This desorption is accompanied by a brief increase in the hydrogen
background from 1.3xI¥ mBar to 6x10* mBar in the vacuum chamber as
measured using a residual gas analyzer. No change in the reconstruction is observed
at the highest desorption temperature of fluorine associated with&iF530°C.p5)
Further heating to 630°C does result in changes of the surfacédtoda structure
shawvn in Figure3-27. It is to be noted that this reconstruction is along the (100)
directions, instead of the (110) directions of a clean silicon surface. As a result, when
investigated along the principal (110) directions, theasm@fippears to be clean.

However, with the incident electron beam along the (100) direction, a cledofdur

82



symmetry is observed.

[100]

Figure 3-27: The RHEED images of thé4x4) silicon surface immediaty after hydrogen desorption
with 30kV electrons incident along the [100] (left) and [110] (right) azimuths. The fractional (1/4)
orders are clearly seen in thB[0aue zone of the left image, with the 0, +1/4, +1/2, +3/4, +1, +5/4 and

+6/4 streaks obseed.

At approximately 720°C, the strength of this pattern decreases, and as seen in
Figure3-28. This temperature is observed to change from growth to growth and is
typically between/6(°C and783C. The substrate is then held atemperature 15°C
higher for a period to 10 minutes to ensure a clean surface and then cooled down to
the growth temperature.

To verify that the c(44) reconstruction is associated with contaminants on the
surface that are desorbed, and not a recongtnuat a clean silicon surface, the
substrate is cooled down to 450°C and then heated up to 700°C again. This thermal
cycling does not affect the X2) reconstruction of the surface, indicating that it is
stable and clean. This clearxd surface is showim real space ifrigure3-28 and as
imaged using RHEEI Figure3-29. This reconstruction is stable up to 820°C which

is the maximum temperature achievable in our system. This surface appears to be
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stable, in that subsequent cooling to 150°C and reheating the sample to 820°C does
not result in any changes to this<{2 reconstruction.

It is found that the RHEED evolution for both, Si wafers and&iped
SiosdGey 17 relaxed buffer layers (RBLs) followsamilar progression. For the-Si
capped RBLs, the (4x4) appeared at a reduced temperature of 570°C, weakened
near 730°C and disappeared at a higher temperature close to 750°C. The temperature
at which thec (4x4) reconstruction is observed on tensitmined Si is consistently
lower than the unstrained Si surfaces. This observation is consistent with theoretical
[56] and experimentaH/] studies of the effect of tensile strain on the mobility of
dimers on (001) oriented silicon surfaces. Theoreticaudations H6] predict a 9%
decrease in the energy barrier to surface diffusion for 1% tensile strain. Applying this
result to the case of stain&d on SpssGey 17 with 0.69% strain yields a reduction of
6.1% in the activation energy for dimer mobilifyhis corresponds well with our
observation of a 6.2% decrease in the temperature whet¢4ké) reconstruction is
first observed, suggesting that the observed discrepancy in temperature is, in fact,

associated with the contribution of strain to dimebifiky.
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Figure 3-28: The(2x1)reconstructed (001) silicon surface, showing the bond direction (along the
[110] direction in this case) and reduction in total number of unpaired electrons from 2 pes &tom t

per atom.

Figure 3-29: The clean (1) reconstructed silicon surface as imaged using RHEED with 30keV

electrons along the [100] (left) and [110] (right) directions.
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3.43 Evolution of the Ge surfae

Ge substrates were cleaned using a sequential oxidation@H\NBnd
deoxidation in aqueous HCI with a final DI rinse to remove.H&8] Unlike the HF
based process for Si and SiGe wafers, the surface of the clean Ge wafer is not
hydrophobic, necessitag a longer DI rinse (30 sec) and longer drying time with
nitrogen (2 min). As with the Si wafers, the Ge wafers were outgassed at 150°C in
the UHV introduction chamber.

The evolution of the RHEED pattern of a chemically cleaned Ge wafer
found to bedifferent from that of Si surfaces. Cleaned]a@sded wafers exhibited a
(1x1) reconstruction as shownhiigure3-30. Upon heating the substrate, &12
reconstruction shown iRigure3-31was observednce these residual suboxides
were desorbed. Since the temperature at which the transition was observed is outside
the usable range of the pyrometer, it was necessary to estimate the wafer temperature
by extrapolating the pyrometer temperature from theal relationship between the
pyrometer and thermocouple temperatures observed at higher temperatures. The
reconstruction change from thex(l) to (2x1) occurred at the extrapolated wafer
temperature of 395°C. This is close to the desorption temperat@e@which is
reported to be 400°059] This observation is also consistent with XPS and
ultraviolet photoelectron spectroscopy (UPS) studies of watsed germanium
oxides, where the water was found to remove Gmu®not GeO§0] Further
increasingtie wafer temperature to 670°C did not result in any change in the surface

reconstruction. It is expected that some carbon contamination from the wet chemical
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treatment is presen®J] However, we do not observe any evidence of GeC formation
in the reconstrction pattern, based on the lack of diffraction peaks corresponding to
the theoretical lattice constant of 4.52 82][ This observation is consistent with the
prediction that bulk germanium carbide is not stablig, [we expect that the residual

carbon s incorporated in the germanium and does not contribute extended defects in

the homomorphic overgrowth63, 64]

Figure 3-30: RHEED patterns of germanium surfaces imaged along the [100] and [11fjodise

showing the (%1) reconstruction of the dsaded Ge wafer

Figure 3-31: The (21) reconstruction of clean germanium
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3.4.4Evolution of the SiGe surface

The evolution of the RHEED patterrofn Sp sdGey 17and Sy /Ge 3 surfaces
was found to contain characteristics similar to that of germanium and silicon. The
wafer preparation for the wrapped SiGe RBL wafers is the same HF etch, rinse, and
dry process that was used for bare silicon wafEhe ascleaned SiGe RBL wafers
displayed the (41) reconstruction when loaded into the growth chamber as shown in
Figure3-32(a) and (b), consistent with a hydrogenminated silicon phase and an
unreconstrucie oxidecontaminated germanium phase. Upon heating, this
reconstruction was found to be stable until 430°C, beyond which:thg (2
reconstruction shown iRigure3-32 (c) and (d) was observed. This reconstruction
change matches the hydrogen desorption temperature of silicon, indicated that the
oxygen desorption from germanium that occurs at lower temperature is obscured by
the existence of hydrogen on the sample surface. As with silicon surfaces, no
transition wasbserved at the Silesorption temperature. However, unlike silicon,
further heating did not result in the <@ reconstruction. Instead, the RHEED
pattern, shown ifrigure3-32 (e) developed spots near 690°Ctfe Sp Gy 17and
close to 650°C for $iGey 3 surfaces. These spots are adjacent to the 1st order streaks

in the Oth Laue zone.
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Figure 3-32 RHEED patterns of $iGe, 3 sufaces imaged along the [100] (a,c,e) and [110] (b,d,f)

azimuths. (a) and (b) show thexd reconstruction of the dsaded SjGe) 3 RBL. (b) and (d) show

the (1) reconstruction at 610°C observed after hydrogen desorption. As the sample is hehted, (2
reconstruction i s pr e sSiCrtransnissigngattérn observed de®ikdaged, wi t h t

along the [100] direction(f) This pattern was preserved when the temperature was ted&G8@.

Analysis of the positions of these spots yielddaktice parameter of 4.37 A +

0.01 j, which -Bi6padiaulatssiofdattieerparamater .86 Ab
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oriented along the <100> direction65] 66] In addition, the correspondence between

the RHEEDme asur ed | at t i-Si@spatandts éxpeatddvalué t he b
suggest that germanium is not incorporated into the carbide precipitates. Reducing the
angle of incidence of the electron beam from ~2.5° to ~0.5° enhanced the visibility of

this pattern. For the &iGe 3 surface, the intensity of thepot increased with

temperature and was found to be stable beyond 700°C and up to 820°C. Cooling to

the growth temperature of 450UGSi@&vas found

pattern, or th€2x1) surface reconstruction.

3.4.5Effect of oxide desorpion on epitaxial film quality

While RHEED allows study of the surface of the crystal, it provides no
information on the quality of the crystal, either in terms of crystallographic defects or
electrically active defects. The effect of the nature of theasearbn the quality of the
crystal is determined by growing several epitaxial layers, both on silicon wafers and
on silicon germanium relaxed buffer layers.

1. Sample 1: 0.5unthick silicon on silicon with thermal treatment prior to

growth at a thermal desdrpn temperature g of 770°C.
2. Sample 2: Strantalanced silicon germaniumign diode grown on a
SipsdGey 17 relaxed buffer layer (RBL) withg=670°C i.e. on a(dx4)surface

3. Sample 3: The same structure as sample 2 but wit@85°C i.e. on &x1)

surface

4. Sample 4. A Si-Ge zlayer on a Si:Ge 3 RBL with Tp=586°C
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5. Sample 5: A structure similar to sample 4 but wigFT95°C

These samples were subsequently analyzed for relaxation using XRD as
mentioned in Chapter 2. The defect density in these filnsstinen determined using
a defectselective etching technique. While several etches exist for this pyfxbse
70], the Secco etclo7], is used. As with all defecelective etchants in the silicon
germanium material system, this etch is a-st&p procesdsirst, an oxidizing agent
strong enough to react with atoms near a dislocation core, but too weak to react with
atoms outside this area is causes local oxidation near this dislocation core. Next, the
oxidized silicon near this dislocation core is dissdlin a suitable etchant. The Secco
etch uses a 1:2 mixture of 0.0b6K ,Cr,07 and 49%HF. This etch is carried out in an
ultrasonic bath to enhance delineation of defects. The etch rate for silicon in this
solution is typically0.5 um/min, and higher for Bcon germanium, up to
approximately Jum/min. Extended etching will reveal defects present in the entire
film, including the substratepilayer interface, while shorter etch times will only
reveal defects in the film. Thus, the etching time is deternbyeghether the defect
density in the film or at the interface is required. The number of defects is determined
by counting the number of pits using an optical microscope at an appropriate
magnification over 5 different randomly chosen areas. The effidatysanethod at
delineating defects is verified by etching a sample with a known etch pit density
(EPD) and verifying that the measured EPD is close to the specified value. In this
analysis, the standard used is thes&e) 17 RBL, which is specified byhe

manufacturer to have an EP2x10° cm2. When this RBL is etched for 30 seconds
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to a depth of 0.4um, the measured EPD is (2.8+1. 10k cmi?, which is within the
specified value, demonstrating the suitability of this process. The results fortthe res

of the samples are discussed below.

Sample 1

This structure was anaopant calibration structure with Qun-thick
antimonydoped silicon (n=9x1§ cm®) layer grown on an intrinsic silicon substrate.
Since this sample has no misfit strain associatddity no misfit defects are
expected. The sample was then etched as described above for 10 seconds to reveal
defects in the epitaxial film. A micrograph of the etched layer is showigure
3-33. The defect desity of 60cm? was measured. All defects identified were isolated

point defects, as seen in the figure.
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Figure 3-33: A 50x optical micrograph with a field of view (FOV) of 987 of an etched silicon

epilayer, highlighting etch pits, highlighted with arrows to aid visibility, corresponding to defects.

Sample 2

This structure was a strabalanced 1.4m thick pi-n diode with a 50 period07
A Sil27 A Siv4Gey ssactive layer as the central undogager. This structure was
grown on a commercially available relaxed buffer layer (described in detail later in
this thesis). For this sample, g @f 680°C was chosen and théix4) reconstruction
was observed immediately prior to growth. While this stmecis straiFbalanced as

designed, the final structure grown was measured to have a residual strain of 0.08%
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using XRD. In addition, XRD measurements also revealed that there is no relaxation
of the strain in the film in this sample. As a result, no inis$locations associated
with the growth are expected. The sample is then etched for 20 seconds to reveal
defects in the top.3 pumcontact layer. The EPD for this sample was found to be
6x10' cm?, as seen iffigure3-34. In addition to isolated defects, linear defect
features are also observed as shown. These features are oriented exclusively along the
<110> directions. Such features are consistent with two different types of
crystallographic defectis misfit dislocations and stacking faults. However, there are
two reasons to doubt that these are misfit dislocations:
i. XRD measurements revealed no layer relaxation in the film, and hence, no
misfit segments are expected
ii. Misfit segments are confined to the substsitained epilayer interface. In
this case, these linear features are found 1um above this interface, making it
unlikely that these features are misfit dislocations.
The areal density of these stacking faults is 2.6xh®’. With an average length of

3.7um, the linear density of these defects is@b-.
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Figure 3-34: A 1000x optical micrograph with an FOV of 2.2x4mn? of an etched silicon

germanium epilayer, highlighting etch pits. Also seen areraklieear features corresponding to

stacking faults

Sample 3

This structure is identical to the one described above, with the only difference
being that the g chosen for this sample was 785°C. As with sample 2, based on XRD
measurements, there is ncapation in the film. This sample was etched for 10
seconds, revealing an EPD of 1.25d@? which is higher than that of sample 2.

However, no stacking faults are observed.
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The effect of these stacking faults on device performance was determined by
fabricaing mesa g-n diodes with passivated sidewalls and testing them electrically.
Fabrication details are discussed in depth later in this thesis in Chagtér 5.
characteristics for these two samples are obtained using a HP4156B semiconductor
parameter arigzer and are shown iRigure3-35. It is found that the diodes
fabricated from sample 2 are poor with very high reverse leakage currents and poor
turn-on characteristics. Such a high reverse leakage currentgeedhe use of this

sample for use as photodetector applications where low dark currents are required.
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Figure 3-35: V-I characteristics of diodes fabricated from samples 2 and 3. Samples grown with lower
Tps have poorer characteristics, with extremely high dark currents, making them unsuitable for device

applications.
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Sample 4

This sample consisted 0f0e625pm thick Sk 7/Gey.slayer with an 180-A-thick
Si layer 75nm below the top. This layer structusswgrown on a $yGey 3 RBL with
Tp =590°C. As with sample 2, it is expected that the substratayer interface is
contaminated. This sample was etched for 10 seconds, revealing a high defect density
of 5x1¢° cm? as shown irFigure3-36. In addition, a very high areal stacking fault
density of 8.8x10cm?is measured. The average length of these stacking faults is 6.2
um, yielding a linear density of 54@@ri. Further evidence that these defects are
stackingfaults and not misfit segments is obtained from cg&Esgion transmission
electron microscopy imaging (TEM). This is also seeRigure3-37, where a high
resolution TEM image of the crosgction clearly showsadk lines originating at the
substratespilayer interface, continuing through the silicon layer and to the surface.
From this image, these defects are measured to lie on the {111} planes. This is unlike
the behavior of misfit defects, which are confinethi interface and whose
threading arms are not confined to any particular crystal plane. Counting the number
of stacking faults over several images spanningiébof the substratepilayer
interface, a stacking fault density of 5506 is obtained, whih almost identical to

the value obtained from the Secco etch.
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Figure 3-36: A 1500x optical micrograph with an FOV of 9.95x3.énn? of an etched silicon

germanium epilayer, highlighting etch pits. Fastiample, grown with j=586°C, the stacking fault

density is exceedingly high
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100 nm

Figure 3-37: A bright field high resolution crossection TEM image of sample 4 taken with the
incident beam along the [220irection. In the FOV, 5 stacking faults are visible, the origin of 4 of
which is seen at the interface. The substegiéayer interface located at the green line, with the arrow

pointing toward the <110> direction. The thin silicon layer is marked byetheox.

Sample 5

This sample is identical to sample 4 except the silicon layer thickness, which
is reduced to 12A. To ensure a clean surface, a thermal desorption temperature of
795°C is used. As expected, when this sample was etched to a deptprofif.30
seconds, no stacking faults were found. The EPD for this sample was found to be
1.9x1¢ cm?, which is typical for a RBI[71].

The results for these 5 samples are summariz&dbie3-1, clearly showing
the correlatiorbetween an insufficient thermal desorption process and a poor

epitaxial film. In addition, the extremely detrimental effect of even a moderate
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stacking fault density on device electrical performance has been demonstrated. This
knowledge allows for the optum choice of thermal desorption temperature,

ensuring high crystalline quality.

Thermal desorption _ _ Stacking fault density
Sample # Etch pit density (cff) .

temperature g (°C) (cm”)

1 770 60 0

2 680 2.6x1d 9.5

3 785 1.2x10 0

4 586 5x10° 5460

5 7% 1.9x10 0

Table 3-1: A summary of the effect ofplon the stacking fault density

3.4.6Understanding the evolution of the surface

Thec (4x4) reconstruction on silicon has been attributed to a combmatio
missing dimers, and parallel and mixeddahers on the surface. It has been shown
that exposing clean silicdn high levels of hydroger7p] and oxygen{3] in UHV
can facilitate the (4x4) reconstructionHydrogen is an unlikely participant in the
surfaces studied here, because the required high hydrogen surface density is not
present at 630°C, when th¢4x4) occurs, as the chemisorbed hydrogen from the HF
dip is desorbed at a lower temperature.

It is also unlikely that the observed reconstiutiis due to carborit has been

reported that the 1) reconstruction is stable with up to approximately 0.03
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monolayer®f carbon coverage, with a twahase surface of th@x1)andc (4x4)up

to about 0.08 ML of carbon coverad@é4] Secondary ion masspectroscopy (SIMS)
analysis of typical Si films grown in this chamber reveal an interfacial carbon
concentration of 1.97x1dat-cm? for Si surfacesequivalent to 0.03 monolayers
which is at the edge of the singdaase (1) surface. Furthermor#ie expectd
spots in the RHEED patt er riCpatcwatestat e d
higher temperatures for the surfaces that show the cadsutiated (4x4) is not
observed[75]

While high doses of oxygeat room temperature-10° Torr-s) [73] were
required to form the (4x4) reconstructionit is noted that for molecular oxygen on
(001) Si, the sticking coefficient is low (0@WLO05). As a result, only 0.6806 ML
is adsorbed for everi0° Torr-s dose, yielding a surface with oxygen concentration
that is comparable to the typical residual oxygen concentration for the cleaning
procedure used, which has been measured by other groupsQd.bé. by SIMS
[49] and XPS $3]. Thec (4x4) reconstruction was observed and ascribed to periodic
missing Si dners created during the desorption of SiO for this level of oxygen
contamination. {3, 75] It is important to note, however, that the reconstruction is not
that of adsorbed oxygen atoms. This is because there is no periodicity to the
adsorption sites fasxygen on the (001) Si surfacé] and the activation energy for
surface diffusion of oxygen on silicon (2.4 eV) is larger than that of silicon atoms
(0.65 eV) and Si dimers (1.3 eVj7], making rearrangement of surface oxygen
atoms significantly lesskely than that of silicon atoms and dimeah. initio total

energy and electronic structure calculatiory feveal that the energy of surfaces
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with this reconstruction are higher than that of(2rl) reconstructe®i surface
This energy difference elainsthe irreversibility of thec (4x4)to (2x1)transition
near750°Cupon subsequent temperature cycling

The metastable (4x4) reconstruction on Si requires the existence of dimer
vacancies and adimers at specific lattice sites correspondinghtect(4x4)
structure. On a SiGe surface, the Si and Ge atoms are distributed randomly due to the
complete miscibility of Ge in Si7B]. To our knowledgeab initio calculations
comparing the energies of4x4)reconstructed and ¥2)-reconstructed random
SiGe surfaces have not been reported. These experiments suggestaldéx4he
reconstruction on SiGe is unstable, though a combination of more sensitive surface
analysis techniques, such as STM, ahdnitio calculations are necessary to prove
this.

The results from all the epitaxial samples detailed here suggest that the
residual oxide on a SiGe surface is a4{uitase mixture. The implication of this
finding is that to obtain an oxiefeee SiGesurface conducive to defeftee epitaxial
film growth, it is necessary to heat the wafer up to the temperature where a clean
silicon surface is obtained. This observation is consistent with XPS studies of
ultraviolet ozoneprepared SiGe oxides which were found to be apghase mixture
of SIO, and GeQ.and thai suboxides, SiO and Ge9 Figure3-38 summarizes
the results of this RHEED study, showing a schematic form of the reconstruction and

expected contaminants on the surface of the wafers as a function of temperature.
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Figure 3-38: A schematic summarizing the surface state of (@iBnted unstrained Si, SiGe and Ge

surfaces as a function of temperature.

103



Chapter 4 : Material Modeling

4.1 Introduction

The design of a semiconductor hetémasture for optical applications
requires knowledge of both, the electronic and optical properties of all layers
involved. The material bandgaps determine the threshold for optical absorption while
band offsets determine the potential depth of a quanteiirawd whether the
electrons and holes are localized in the same layer or adjacent layers. The effective
masses of the carriers determine both, transport properties and the energy levels of
confined states. From an epitaxial standpoint, the criticalbgk puts an upper
bound on the ultimate thickness of a strained layer that can be grown without
relaxation in the film. The variation of the impact ionization coefficients for holes and
electrons with both, electric field and composition enables therdetmvalanche
multiplication regions and calculation of expected performance characteristics.
Knowledge of the refractive index allows the design, where possible, of optical
waveguides as well as calculation of reflection losses from bare semiconductor
material.

In this chapter, the different models used to determine these properties will be
detail ed. I n addition, the mathematical te
equation for the carriers in different structures are also presented. The spedfic desi
concepts of this thesisexploring the limits of critical thickness and the utilization of

the band offsets will also be discussed in detail.
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4 .2 Critical thickness

The lattice constant of silicon is 4.2% smaller than that of germanium. As a
result,any epitaxial SiGe layer grown on a silicon substrate is compressively strained.
Similarly, a SiGe film grown on a germanium substrate is in tension. The more
general case of a:SiGe flms grownon Siy,Gggs ubstrates (00x, yO1l)
either intension (x>y) or compression (x<y). This strain is accommodated by a
tetragonal distortion of the cubic lattice, as can be seen in the lower p&iggliia
4-1. With an increase in thickness of the epitaxially grown layer, tiagnsénergy in
the film increases and beyond a certain thickness, called the critical thicknéess h
energetically favorable for the strain to be relieved plastically through either partial or
complete relaxation of the film. This involves breakingdfond in the lattice, and
results in a grown layer with a lattice constant that is different from that of the
substrate with a soalled misfit dislocation at the substrddger interface. This is
also shown in the lower panelBigure4-1.This misfit dislocation can be visualized
as an extra half plane (in the case of compressive strain) or a missing half plane (in
the case of tensile strain) of atoms threading the subsipédsyer interface in the
crystal. As will be seen in the following sections, relaxation in the film causes a
dramatic change in the electronic properties of the material. In addition, threading
dislocationsare generated with rise through the epitaxial layer, creating a number of
electroni@ally active defect states throughout the epitaxial layer. It has been widely
reported 80] that misfit defects in an active layer are linked with poorer device
performance and increased reverse leakage currents. With layer relaxation, the optical

and therral properties also change. To this end, it is important to be able to calculate
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the expected value of the critical thickness 8i:5Gg, film grown on a SiyGe,

substrate
@ D
& | | i1
@ Q
& )l

(@) (b)

Figure 4-1: A schematic ofltesubstratéblue)i epilayer(red) interface of a lattieenismatched film.
(a) shows the accommodation of strain through tetragonal distortion of the crystal lattice, while (b)

shows relaxation of the grown layer, resulting in a dangling bond at thiagge

The theoretical framework for the calculation of the critical thickness of
strained epilayers is described by Matthews and Blakg&lédt should be noted,
however, that experimentally, defdoee layers thicker than calculated by

equilibrium heories such as the Matthe®kkeslee formalism have been grown by
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different groups82] dueto the existence of kinetic barriers to the nucleation of misfit
dislocations. The ultimate limit is that of the MattheBlakeslee formalism, and it is
instructve to understand it first. This approach involves balancing the force exerted
by the elastic misfit strain and the tension in the dislocation line. At the onset of

relaxation, these two forces are in balance, and the critical thickness is given by

u (4.1)
Here b is the magnitude of the Burgers vector of the dislocation,

lis the misfit, 3 I s Poissonds rat

f =a4, /8ubsrae"
In the SiGe material system, the misfit defects are neither pure edge nor screw

dislocations §3], but are a mixture of the two, and are called the a/2 <110> 60°

dislocations. The magnitude of the Burgers vectotfese isapstak 8 2 and t he

angles d and & are equal to 60U. With the

critical thickness can be calculatétigure4-2 shows the critical thickness as a

function of conposition for strained layers grown on a Si substrate (shown in blue)

and a §s3Ge 17substrate (shown in red). The plot shows that the critical thickness

rapidly decreases to less than 10 nm for composition mismatches that are larger than

10%.
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Figure 4-2: Equilibrium critical thickness of strained layers grown on Si aggdS&, 17 substrate.

As mentioned earlian this sectionit is possible to grow films of thickness
larger than the MatthewBlakedee critical thicknessThisis because there is a
kinetic barrier to the relaxation process that exists. Specifically, there are two distinct
processes that occur during relaxafiaine nucleation of a misfit dislocation and the
extension of this througthe process of dislocation glidldoth of which cause the
strain in the film to relax. These processes have been extensively studied as a function
of temperature by HoughtoB84], and this formulation is used here. First, the

effective stres;h GPaacting to extend a misfit dislocation is derived as

R al- n A 055, 4hp
Loy = fGeSimog/&_a %(' —_— n—8

4.2
¢cl+n<g h b = (4.2)
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wheregesi= 0. 0418 is the | attice mismatch of G
modul us of Si Ge, y iIis the angle between th

plane (35°) and h is the film thickness. In this kinetic model, the film thickness h is
related to the growth rate R(t) and elapsed tinas h(t) = f;f R(t)dt .For the case of

SiGe films on Si, the above values can be substiintedEquation 4.2 yieling a

val ugin6Paad)

£5, =388 %In 10n8 4.3)
g -

An increase in this strain causes an increase in bothidleeation glide velocity

V(t) and the dislocation nucleation rate N(t)/dt according to

dN ar o g’ a Qua
—— =BN,&Z0Q expe =No
at o eem R AT

(4.4)

where B, \§, m and n are material constants obtained by fitting experimental data.
Here, N is the initial number of dislocations that act as nucleation sites, which are
typically defects or contaminants at the substegidayer inteface. @Q and @ are

the kinetic barriers to dislocation nucleation dislocation glide respectively. The

instantaneous rate of change of strain in the film is given as

de _
o N(tV(t)ocos @s)

Substituting the expressions for N(t) and V(dnfr above and integrating gives the

instantaneous change in strain in the film as
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(4.6)

Given the growth rate and growth temperature, the relaxation in a metastable
film can be calculated by numerically integrating this equmafi his metastable film
thickness as a function of Ge mole fraction is plottelfigure4-3 for the typical
growth rate of 1A/s and growth temperatures of 450°C and 550°C. The rest of the
parameters are taken fnoHoughton and are summarizedliable4-1. From this
plot, it is clear that lower growth temperatures are preferable for growth of films
significantly thicker than the equilibrium critical thickness. This, howes@uld be

detrimental to film crystallinity, as detailed in the previous chapter.
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Figure 4-3: Metastable film critical thickness for growth on Si substrates at different growth

temperatures.
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Knowledge ofthe metastable film thickness is useful in when layers are
designed to be grown on silicon substrates, but is less useful in the case of virtual
substrates, where the existing number of dislocations is much higher. For example,
the SpsGe 17 Virtual sulstrate from IQE has a specified threading dislocation
densi ty’co¥As@esult, he metastable film thickness being closer to the
critical thickness derived from Equatidril, especially at higher growth
temperatures. This is shownkigure4-4, where the temperatudependence of the
metastable film critical thickness forSy sGe s film grown on &Sip s3G&y 17 Substrate
is plotted and is observed to asymptotically approach the MattBksslee limi at

high growth temperatures.

Substrate | B Vo No & | Qn Qv m | n M
(s | (mmsh) | (cm?) eV) | (eV) (GPa)
Si 108 | 4x10" 100 [60°| 25 | 225 | 2 | 25| 64

SipsGe17| 10% | 4x10¥ 100 |[60°| 25 | 225 | 2 | 25| 64

Table 4-1: Parameters for the calculation of metastable film critical thickness
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Figure 4-4. Metastable film critical thickness of ay,@G &, 5 film grown on a SjgdGe) 17 virtual

substrate as a function of substrate temperature during growth.

4.3 Band structure calculations

The Si«Geg alloy system is completely miscible for all compositions. This
means that during epitaxial growth, the constituent atoms do not segregate and form a
uniform alloy. Like Silicon, SilicorGermanium is an indirect bandgap
semiconductor. Of the two, Si hakigher bandgap of 1.1&V at 300K while Ge has
a bandgap of 0.66dV at the same temperatub]. The nature of this bandgap
remains indirect for all SiGe films, either strained or relaked.such indirect
bandgap materials, the radiative recombinatéda is several orders of magnitude
lower than the nomadiative recombination rate. As a consequeaamnventional

LED or laser based on SiGe cannot be achieved. Of fundamental importance from the
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point of view of photodetector design is the value &f Handgap. The §iGe,

bandgap has been a subject of study, both theoretically and experimentally. In this
section, the method used to calculate the various parameters used in this proposal will
be detailed. The band parameters are calculated as fofaafs:the lattice constant

of the film is computed. Next, the band profile for the strained film is computed.
Finally, hydrostatic and hydrodynamstrain corrections for the band profile are
calculatedndependently and applied, yielding the completedostructure including

the band offsets
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Figure 4-5: The binary phase diagram for the-Giesystem, showing full miscibility in the solid and

liquid phase for all compositions. [[F9

113



4 .3.1Lattice constant ard strain

Pure Si has a lattice constagtof 5.431A and pure Ge has a lattice
parametebsof 5.658A (at 300K) i.e. a lattice mismatch of 4.3%. According to

Dismukes et.al[86], the variation at 300K is given by a quadratic relation
a(x) = (5.431+0.2x+.027x?) (4.7)

In thisthesis a linear interpolation schemaec c or di ng t o87Mseused ar d 6 s
to compute the lattice constant of an arbitrary allQyGeé
a(x) = (1- X)ag + xag, = (5.431+0.227x) (4.8)

While this is not as accurate as therDis k eefatsorship, he maximum
error associated with the linear fit is computed to be 0.12% and is offset by the
flexibility of applying thermal corrections (if required) to the lattice parameter via the
known coefficients othermal expansion for Si ariée where required.

Theinp | an e - of & BigGefilm Grown on a SiyGe, substratés
determined from the lattice contstants of the two alloys

o = a0- a(y)

ey 9
and the per pedsgivénbyul ar strain U
=209
) (4.10)

— a - Clz(x) a(y) - a(x)6
PHTEE 0 aw

where Gx(x) and Gi(x) are the elastic constants of the film. When the native lattice

constant of the grown film (given by Eq. 4.1) is larger than that of the substrate, the
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film is under biaxial tensile strain in the plarfglee film. Similarly, when this lattice
constant is smaller than that of the substrate, the film is under biaxial compressive
strain. In this thesis, a linear interpolation between the values of silicon and

germanium is used to obtain the elastic congtardny arbitrary alloy88].

4.3.2 Bulk and strained bandgaps

The band diagrams for bulk Si and Ge are showfigaore4-6 a and b
respectivelyln this thesis, full band structure calculations are not peddrrimstead,
a minimal description of the energies of the participating bands at critical points is

used. However, a brief description is illustrative.

Energy 300K
Energy 300 K /
E Fr
<t00> |70 4F En E, <111>
<100> £ <111> E 4 Wave vector
N — Wave vector i
Heavy holes / Heavy holes
/\ Light holes Light holes
Split-off band Split-off band

Figure 4-6 (a) Band structure of bulk silicon arftd) bulk germaniunj28]

In both cases, the lowest energy gap is indirect, and the valence band
mi ni mum i s doubly degener ate a-doffbande G poi n
lower in energy. In Si, the lowest gap is governed by the energy differetweehbe

the conduction band consisting of 6 equiva
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[001])/a in the Brillouin zone is termed thepint) points in the conduction band and

the degenerate ngrarabolic valence bands at the gamma point. In Ge, this

fundametal gap is determined by the conduction band consisting of eight equivalent
half-ellipsoids atthetpoi nt (2" [111]/a in the Brill oui
degenerate valence bands at the G point. |
is a diret gap 140meV above thepoint gap. From the point of modeling the band

structure of SiGe alloys, these three bandgaps are of interest. The higher energy gaps

are of particular interest in higfreld transport, where carriers from multiple bands

participae. With a change in composition, each of these bandgaps shifts relative to

the other. In the case of bulk material, the fundamental gap at 10K is experimentally

determined to be given bf89]

€1.155- 0.43x+0.206x%*; x<0.85
E,(¥) =i _ (4.11
i 2.01- 1.27x;x>0.85

This is shown irFigure4-7. The change in the slope at x=0.85 is due to the fact that
at this composition, the bandgap changes from being defined by the difference
between Slike conduction band minima at 0.85X and the valence band to the
difference between the Gike conduction band minima at thedoint and the
valence band. In all cases, the bandgap is indirect.

The next step toward the realization of a usable material model is the
incorporation of strain. These calculations areiedrout as detailed by Rieger and

Vogl [90] using the empirical pseudopotential method.
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Figure 4-7: Bandgap of bulk $ikGe, as a function of Ge mole fraction x. The blue curve is from Eq

4.11, while the dshed black curve is the predicted bandgap from Eq. 4.12

The energy gap of a strained- 36, film grown on Sji.,Geg, has been fitto a

polynomial and can be calculated by
e 1 ¢
E _[ ) ) 2]_é u
JGY) =L (- Y) (x- Y2 JGE(x+y) § (412
&x+y)*H
whereG is a 3x3 matriwith each element given by
G, =G Q(y- M +G/Qx- Y). (4.13

Her e, U(x) is the unit step fun@fandon

Gif are matrices given ir9p] and are reproduced in Appendix B. 'Kléfeand
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Gifmat rices are diivfaéderwyts,f avi tthhes egpgaamad eL mat

a n d, valipys, whicharedescribedn the following section. This formulation is
convenient as it allows simple determinatairthe strained bandgaps for all possible
combinations of SiGe films on SiGe substrates. These bandgaps are pl6itrdén

4-8.
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Figure 4-8: Contour plot of the bandgap of strad Sj..Ge, as grown on Si,Gg, as calculated from

empirical pseudopotential theory.

It is important to recognize the limitations of this model. As seénguare
4-7, this model does not accurately predicthiék bandgap of 2ikGe;. In addition,
this model predicts a bandgap of 0.95 eV for strained silicon@g#h 17, while the

experimentally detenined value is about 1 eV [89his model does, however,
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provide the necessary framework to fully explore tbmposition space of the SiGe

material system, and for that reason, it is the chosen model for use in this thesis.

4.3.3 Band alignments

To be able to use the previously described strained and unstrained bandgaps to
design heterostructures, one alseds to know how the valence bands line up at the
heterointerface. The band alignment across a heterostructure interface is an extremely
important property, especially for optoelectronic devices. Mathematically, this can be
expressed as

DE(x, y) = E(x)- E(y) (4.14)
P E<O<E: Typel Alignment
pE QEBO: Typell Alignment
where the conducti on .amd,agpfmehsaradcagshdawaind of f s

Figure4-9 Also shown is the difference between the two balighmenttypes.

@ (b)

Figure 4-9:(a)Type-1 and(b) Type-ll band offsets
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