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ABSTRACT

This thesis demonstrates the integration of pure Ge near-infrared photodetectors on Si. Ge
epilayers were grown directly on Si by a two-step
ultra-high-vacuum/chemical-vapor-deposition (UHV/CVD) process. This work
conclusively proves that threading-dislocation densities in the Ge epilayers, measured
both by plan-view transmission electron microscopy and etch-pit-density (EPD) counting,
were reduced by cyclic thermal annealing. Additionally, Ge mesas with no threading
dislocations as measured by EPD were also demonstrated. The removal of
threading-dislocations can be attributed to the thermal stress induced dislocation glide and
reactions. Using the annealed Ge epilayers grown on Si, p-i-n Ge photodetectors with
maximum responsivities of 770 mA/W at 1.3 um were fabricated. Finally, to allow the
integration of Ge epilayers in Si microelectronic processing, the protection and
passivation of Ge was investigated. The passivation was provided by the oxidation of Si
epilayers grown on Ge. Capacitance-voltage characteristics of metal-oxide-semiconductor
devices demonstrated the high quality of the passivation with the measured interface state
density of 4 x 101 emZev-l.
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Chapter 1

Introduction

1.1 Motivation

Si microphotonics [1], the optiéal analog to Si microelectronics, is the integration of
optoelectronic components on Si substrates using process technologies that are compatible
with Si microelectronic technology. Successful development of Si microphotonic
technology can bring the advantage of optics to the Si platform and dramatically improve
our information processing capability and deliver the benefit of optoelectronic technology
at a much lower cost. Figure 1.1 shows an application of Si microphotonic technology: a
wavelength-division-multiplexing (WDM) photodetector receiver. In this application, Si
or SisN, waveguides, waveguide ring-resonators, Ge photodetectors and Si
microelectronics are all integrated on a Si chip. In more sophisticated applications, light

emitters, and optical modulators can also be integrated on Si.

WDM Ring Structure

Optical Fiber

e

< G’e Photodetectors

Low Loss :
Fiber/Waveguide -
Coupler

Low Loss Waveguide

Figure 1.1: A schematic of an application of Si microphotoinc technology: WDM
photodetector receiver.
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Optical waveguides [4], optical modulators [3], photodetectors [5], light emitters [2], and
optical amplifiers are the key components for Si microphotonic systems. This thesis
investigates the integration of Ge p-n junction photodiodes on Sil. The goal is to develop
processing technologies that allows the direct integration of high quality Ge epilayers on
Si, and to provide an understanding of the materials properties for the design of integrated

Ge photodiodes.

1.2 QOutline of thesis

In chapter 2, design issues related to the integration of near-infrared photodiodes on Si are
discussed. Based on the consideration of the performance metrics of photodiodes and a
discussion of the effect of threading-dislocations on the operation of photodiodes, Ge is
selected as the most reasonable material for the integration of near-infrared photodiodes

on Si for Si microphotonic applications.

Chapter 3 describes the direct epitaxial growth of Ge on Si. Based on a careful literature
review, a two-step ultra-high-vacuum/chemical-vapor-deposition (UHV/CVD) process is
designed for the growth of Ge epilayers directly on Si. The threading-dislocations in Ge
epilayers are reduced by cyclic thermal-annealing process. The threading-dislocations in
the as-grown and annealed Ge epilayers were studied extensively by
transmission-electron-microscopy (TEM). Based on the TEM study, the mechanism for

the reduction of threading dislocations in Ge epilayers is discussed.

1. Many devices can be used as photodetectors. This thesis focuses on the p-n junction
photodiodes.

18



Chapter 4 describes the performance of Ge photodiodes integrated on Si. The beneficial
effect of cyclic thermal-annealing on the electrical properties of Ge epilayers grown on Si
is illustrated by the improved performance of metal-semiconductor-metal (MSM) Ge
photodetectors and Ge/Si heterojunction photodiodes. Next, the properties of Ge p-i-n
photodiodes are investigated and the role of misfit-dislocations at the Ge/Si interface is
discussed. Finally, p-i-n Ge photodiodes made from Ge epilayers grown on Si with

responsivity of 770 mA/W at 1300 nm is discussed.

Chapter 5 describes the development of a process technology for the passivation and
protection of the Ge epilayer surface. Protection of Ge epilayer in Si wafer cleaning
chemistry is provided by a thin-smooth Si epilayer grown on the Ge epilayer. Passivation
for the Ge surface is provided by the oxidation of Si epilayer grown on Ge.
Capacitance-voltage (C-V) characteristics of the metal-oxide-semiconductor (MOS)
devices made this way demonstrate the good quality of the interface between the

thermally grown silicon oxide and Ge.

Finally, Chapter 6summarizes this thesis work and concludes with suggestions for future

development of Si microphotonic technology.
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Chapter 2

Materials selection and design considerations

2.1 Overview

This chapter first presents the reason for investigating the integration of near-infrared
photodetectors on Si. A literature review of the work carried out in this field is then
presented, followed by a justification for the selection of pure Ge as the material for
integrating near-infrared photodiodes on Si. Finally, the effect of threading-dislocations on
the operation of photodiodes is discussed leading to the conclusion that Ge photodiodes

are the best short term solution for Si microphotonic receivers.

2.2 Integration of near-infrared photodetectors on Si

Integration of optoelectronic devices on Si substrates has been an active research field for
many years. There are several reasons: 1) Si substrates cost less and are mechanically
stronger and thermally more conductive compared to InP and GaAs substrates. InP and
GaAs substrates are currently used for making optoelectronic devices. If reliable and
efficient LEDs, lasers and photodetectors can be made using Si wafers as substrates, the
cost for these components can be reduced. 2) Si microelectronic technology provides the
highest level of integration. Integration of optoelectronic devices with Si microelectronic
devices can significantly improve the ability of integrated circuits (IC). Recent
commercial developments in system on a chip (SOC), fiber to the home (FTTH), and fiber
to the building (FTTB) concepts can all benefit from the successful development of Si
based optoelectronic integrated circuit (OEIC) technology [6]. Application examples
include fiber to the home receivers, on-chip optical clock distribution, and some high

speed optical data transfer between Si chips.
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Photodetectors and optical receivers are important components in optical networks.
Photodetectors are not only used at the receiving end, they are also used as optical power
monitoring devices. For networks operating in the first optical window of modem silica
optical fibers (~850 nm), low cost Si detectors could be used. However, for operation in
the second window (~1300nm) and the third window (~1550 nm), InGaAs? or Ge
photodiodes are needed [7]. The lattice constant of Ge and Ing53Gag 47As are very
different from that of Si. Iny 53Gag 47As and Ge photodiodes are therefore typically made
on lattice matched substrates such as InP and Ge substrates. There are a lot of benefits to
be gained if near-infrared photodiodes operating from 1300 nm to 1550 nm can be

integrated on Si with Si microelectronics.

The integration of near-infrared photodiodes on Si has been pursued by several research
groups. The key challenge is the lattice mismatch between Si (Si
lattice constant = 0.543 nm) and semiconductor materials that are sensitive to light in the
range of 1300nm to 1550nm (Ings3Gag47As lattice constant =0.587 nm; Ge
lattice constant = 0.565 nm). This lattice mismatch causes two major problems when one
deposits Ing s3Gag 47As or Ge epilayers on Si: (1) the introduction of high densities of
misfit-dislocations and threading-dislocations in the epilayer, and (2) high surface
roughness due to island growth. High surféce roughness causes difficulties in process
integration. High threading-dislocation densities can degrade device performance and

compromise device reliability.

2. The International Union of Pure and Applied Chemistry (IUPAC) recommends the use of
GalnAs instead of InGaAs. In this thesis, InGaAs is used because most papers and books use
InGaAs. For the same reason, this thesis use units typically used in text books in semiconductors
physics rather than SI units.
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Misfit-dislocations are introduced to relax the lattice mismatch between the epilayer and
the Si substrate and are typically confined to the interface between the epilayer and the Si
substrate. If one makes devices (for example photodetectors) far away from the
epi-substrate interface, problems associated with the misfit-dislocations can be avoided.
Threading-dislocations are the by-product of the introduction of misfit-dislocations and do
not relax lattice-mismatch strain. Threading-dislocations are left in the epilayers because
dislocations cannot end in a crystal. Dislocations have to either form a loop or terminate at
a free surface. Since the epilayer surface is always the nearest free surface to the
epi-substrate interface, these threading-dislocations typically thread from the epi-substrate
interface to the epilayer surface. Since devices are usually built close to the epilayer
surface, these threading-dislocations cannot be easily avoided. Threading-dislocations can
reduce carrier lifetime, carrier mobility and compromise device reliability. Discussion of
the effect of threading-dislocations on the electrical properties of semiconductors is
reviewed in section 2.6. To integrate high performance Ing 53Gag 47As or Ge near-infrared
photodetectors on Si, it is necessary to solve problems related to threading-dislocations
and surface roughness. Section 2.3 reviews works related to the integration of

near-infrared photodetectors on Si.

2.3 Literature review

Luryi and co-workers pioneered the integration of Ge photodetectors directly on Si by
molecular-beam-epitaxy (MBE) [8]. To prevent island growth and minimize the effect of
misfit-dislocations, they introduced a SiGe graded-buffer layer between the Ge epilayer
and the Si substrate. Their transmission-electron-microscope (TEM) pictures revealed a

high density (above 10° cm™) of threading-dislocations in the Ge layer. These Ge/Si
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photodetectors demonstrated a 40% external quantum-efficiency at a wavelength of
1450 nm and a dark current of 50 mA/cm?. They did not report quantum efficiency at
1550 nm. Kastalsky, Luryi and co-workers later improved the materials quality by
introducing a “glitche-grading” region between the Ge layer and the Si substrate [9]. The
“glitche-grading” buffer was a combination of the graded-buffer layer and the “glitche”
layer. The “glitche” region was a Ge(50 nm)/Siy 3Geg 7(10 nm) superlattice. Their TEM
measurement showed a reduction in threading-dislocation density to the 5x107 cm™ range.
Their capacitance-voltage measurement showed a depletion width of about 0.15 wm. The
measured leakage current density was 0.4 mA/cm®> due to the reduced

threading-dislocation density and the reduction in depletion width?,

To further reduce the leakage current density, Luryi and Pearsall suggested the use of
strained-layer Si;_,Ge,/Si superlattice (SLS) as the active absorption layer in near-infrared
photodetectors integrated on Si [10]. This idea is based on the bandgap calculations by
People [11]. According to People’s calculation, strained Si;_,Ge, alloys coherently grown
on Si have a much smaller bandgap compared to relaxed Si;,Ge, alloys [12]. This
calculation was later experimentally verified by Lang and co-workers [13]. Using
strained-layer Si;_,Ge,/Si superlattice with x > 0.35, materials with bandgap lower than
1300 nm and 1550 nm can be grown essentially dislocation free on Si. Strained-layer
Si;_,Ge,/Si superlattice photoconductors [14], waveguide p-i-n photodiodes [15], and
avalanche waveguide photodiodes [16] [17] with good photoresponse at 1300 nm were
demonstrated. The photoresponse at 1550 nm was very low. The disadvantage of

strained-layer Si;_,Ge,/Si superlattice material is its low absorption coefficient. With

3. Total leakage current due to carrier generation in the depletion region of a p-n junction is
proportional to the depletion region width.
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x = 0.6, the absorption coefficient is only about 21 cm! at 1300 nm [16] [13]. Because of
the low absorption coefficient, detectors made from strained-layer Si;_,Ge,/Si superlattice
need a long absorption length to provide a reasonable quantum-efficiency. For example,
with a 300 wm long waveguide geometry and x = 0.6 an external quantum-efficiency of
10% at 1300 nm was measured [15]. The quantum efficiency at 1550 nm was about 2%
and the measured leakage current density was 7 mA/cm?. Note that the leakage current
density for strained-layer Siy_,Ge,/Si superlattice photodiodes is not much lower
compared to that of Ge/Si photodiodes earlier reported by Kastalsky and Luryi.
Etch-pit-density measurement of threading-dislocations revealed a density of about
10*cm™. When strained-layer SiysGe 5/Si superlattice photodiodes were measured at
normal incidence, only 1% external quantum efficiency at 1300 nm was measured with a
leakage current density of 60 mA/cm? at a reverse bias voltage of 7 V [18]. Strained-layer
Si;_,Ge,/Si  superlattice  photodiodes were later integrated with Si rb
waveguide [19] [20] [21] [22]. Other strained-layer Si;_,Ge,/Si superlattice based
photodiodes have also been reported {23] [24] [25] [26] [27] [28] [29]. All of these
photodiodes require a long waveguide geometry to achieve reasonable quantum

efficiencies at 1300 nm and 1550 nm.

The limitation of strained-layer Si;_,Ge,/Si superlattice is the low absorption coefficient
and the thickness of each strained-layer. The limitation on absorption coefficient can be
solved by adding more Ge into the Si;_,Ge, layer. However adding more than 60% of Ge
brings the critical-thickness below 10 nm. Although the use of strained-layer superlattice
allows the growth of many pairs of strained-Si;_,Ge,/Si on Si. The total critical-thickness
of the strained-layer superlattice is still limited by the critical-thickness of the average

concentration of the SiGe/Si superlattice layers. One way to solve these problems is to go
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beyond the SiGe binary system and work with the SiGeC ternary system. The idea is that
by adding elements (such as C) with lattice constant smaller than Si, the lattice mismatch
between SiGe alloy and Si can be compensated [30]. Typically for every 1% of C added,
lattice-mismatch due to about 8% of Ge can be compensated [31]. Normal incidence
Sip25Geg 6Co 15 p-i-n photodiodes with 80 nm of active SiGeC layer have been
reported [32]. The external quantum efficiency at 1.3 um was about 1% and the leakage
current density was 7 mA/cm?. The threading-dislocation density was estimated to be
below 108 cm™ and the absorption coefficient was 10 cm™! at 1550 nm and 340 cm! at
1300 nm [33] [34]. Ge;_C, photodiodes have also been reported [35] [36]. The addition
of C was found to reduce the leakage current and improve the ideality factor. With 590 nm
of heavily doped p-GegogoCooos (2.7 x 1018 cm™) on n-Si (10'4~10'° cm™), the
measured external quantum efficiency at 1300 nm was 2.2% and the leakage current

density was 1.4 mA/cm?.

It is clear from the above review that SiGe strained-layer superlattice and SiGeC based
photodiodes provide very little improvement from the Ge/Si approach first demonstrated
by Luryi and Kastasky in terms of external quantum efficiency and leakage current.
Although the use of SiGe strained-layer superlattice does reduce the threading-dislocation
densities in the epilayers, the absorption coefficient is much lower. Also, the reduction in

threading-dislocation density did not help reducing the leakage current density.

Another approach to the integration of near-infrared photodiodes on Si is the integration
of InGaAs photodiodes on Si. InGaAs photodiodes made on InP are efficient, fast and of
low leakage current [37] [70]. The challenge is the 8% lattice mismatch between

Ing 53Gag 47As (lattice matched to InP with bandgap at 1650 nm) and Si that guaranteed a
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high density of threading-dislocations in the InGaAs epilayer grown on Si. Despite this
challenge, InGaAs epilayers have been grown on Si using various techniques and InGaAs
photodiodes have been integrated on Si [38] [39] [40] [41] [42] [43]. For example,
Razeghi and co-workers demonstrated InP/InGaAs(4 um)/InP(1 pm)/GaAs(1 um) p-n
diffused-junction photodiodes on Si with 88% external quantum efficiency at 1300 nm
and 92% external quantum efficiency at 1550 nm and a leakage current density of
1 mA/cm? at -1 V [38]. This performance is much better compared to that produced by the
SiGe and SiGeC approach. The excellent quantum-efficiency can be understood in terms
of InGaAs’s high absorption-coefficient at 1300 nm and 1550 nm (>104 cm™). The much
lower leakage-current density compared to those of SiGe SLS photodiodes is probably
due to the use of diffused junction rather than mesa structures. The threading-dislocation
densities in InGaAs epilayers grown on Si are typically on the order of 108 cm™
range [43]. This might explain the much higher leakage current density compared to that

of InGaAs photodetectors made on InP (typically in the range of 16 nA/cm?).

To completely eliminate threading-dislocations, InGaAs/InP structures can be bonded to
Si substrates. The InP substrates can be etched by HCl, leaving behind InGaAs on Si. The
final products are threading-dislocation free InGaAs/InP structures on Si: a perfect
material for making near-infrared photodiodes on Si[44] [45] [46] [47] [48].
Near-infrared InGaAs photodiodes integrated on Si by wafer bonding typically have
100% quantum efficiency and leakage current density similar to that of InGaAs
photodiodes grown on InP. Wafer bonding technique, however, still requires the handling
of InP substrates. InP substrates are fragile and expensive compared to Si wafers. Wafer
bonding, unlike selective area epitaxy, does not provide the possibility of selective

introduction of InGaAs material on Si in designated small areas. The introduction of III-V
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compound into a Si processing line is also an issue to be resolved. All the elements in
InGaAs are dopants in Si. Cross contamination is an issue to be considered if III-V

compound semiconductors are to be introduced into the Si processing line.

Another possible solution is to go back to the Ge/Si approach. Compared to SiGe and
SiGeC, Ge has an absorption coefficient that is almost comparable to that of InGaAs in the
range of 1300 nm to 1550 nm. Considering the fact that the commercial applications of
SiGe BiCMOS technology have already been demonstrated, the intoduction of Ge into the
Si processing technology raises less issues related to cross contamination. It is also well
known that Ge can be grown selectively on patterned SiO,/Si substrates [49]. The key
challenge is the epitaxial growth of flat-Ge epilayers on Si with low surface roughness and
low threading-dislocation densities. Samavedam and co-workers have integrated Ge p-n
junction photodiodes on thick (> 10 um) optimized SiGe graded buffer-layers grown on
Si [54] [55]. The optimized SiGe graded buffer-layer technology includes an intermediate
chemo-mechanical-polishing (CMP) and regrowth step. High quality Ge film with

2 was achieved on Si. The p-n junction was

threading-dislocation densities of 2 x 106 cm
defined by in-situ doping and mesa etching. The mesa side-wall was passivated by a thin
layer of PECVD SiO,. The measured external quantum efficiency was 12.6% at 1300 nm,
the leakage current density was 0.22 mA/cm? at -1 V with a depletion region of 0.24 um.
Samavedam’s work demonstrated that high quality Ge photodiodes can be integrated on Si
if the threading-dislocation density is low and the mesa side-wall is passivated. The
challenge of this graded-buffer technology is the integration of the 10 um thick SiGe
graded-buffer with the planar Si CMOS technology. If Ge of similar quality can be grown

directly on Si, process integration of Ge photodiodes with Si CMOS technology would be

much simpler.

28



Colace and co-workers demonstrated that Ge epilayers with low root-mean-square surface
roughness (~ 0.5 nm) can be grown on Si using a two-step CVD process [51] [52] [53].
Colace and co-workers demonstrated metal-semiconductor-metal photodetectors with
their Ge epilayers. The measured external quantum-efficiency was 12.6% at 1.3 pm. As
will be discussed in Chapter 3, Ge epilayers grown on Si using this two-step process have
a threading-dislocation density on the order of 10° cm™. The threading-dislocation
density, however, can be reduced to the mid 106cm™  level by cyclic
thermal-annealing [56] [57]. Selectively grown Ge mesas on Si with no
threading-dislocation after cyclic annealing were also demonstrated. Details will be
discussed in Chapter 3. Applying this improved Ge epilayer on Si, Ge photodiodes with
external quantum efficiency of 52% at 1.32 um and 20% at 1.55 um have been

demonstrated with 1 wm of Ge [58] [59]. The leakage current density was 30 mA/cm?.

This section provided a short review of the integration of the near-infrared photodetectors
on Si. Two conclusions can be drawn from this literature review: (1) Materials with high
absorption coefficients are the key to high quantum efficiency. (2) Materials with the
lowest threading-dislocation densities do not always make the best photodetectors.
Surface passivation is also important. More details regarding these points will be
discussed later in this thesis. The following section will first provide a discussion of the

requirements for integrated photodetectors for Si microphotonics.

2.4 Requirements for photodetectors for Si microphotonics

Si microphotonic technology is the integration of optoelectronic components on Si

substrates using process technologies that are friendly to Si microelectronic technology.
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An important feature of Si microphotonic technology is the use of high index contrast
waveguide systems such as the Si/SiO, and SizN4/SiO, (core/cladding) systems. The high
optical confinement in these waveguide systems allows the fabrication of a high density of
micron-size waveguide bends, waveguide splitters and wave-length-division (WDM)
multiplexing filters on Si [4] [60]. Another important feature of Si microphotonic
technology is the process compatibility with Si based microelectronic technology. These
two features, the high integration density and Si process compatibility, ensure the large

scale integration of microelectronic and microphotonic devices on Si.

Based on the above discussion, the requirements for the integration of photodetectors for
Si microphotonics are: (1) Si microelectronic process compatibility. (2) Capability for
large scale integration with microelectronic technology and waveguide technology. (3)
High photodetector performance. The following section will discuss the materials

selection for the integration of photodetectors for Si microphotonic technology.

2.5 Materials selection

2.5.1 Process Compatibility with Si technology

Current Si microelectronic technology is based on the Si CMOS and Cu interconnect
technologies. An important feature of the current Si microelectronic technology is the use
of chemo-mechanical polishing (CMP) for the planarization of every layer of transistors
and interconnects. Examples can be found in the shallow trench isolation (STI) process
and the damascene and dual damascene processes [61] [62]. Another important feature of
Si microelectronic technology is its intolerance to cross-contamination. For simple

process integration of microphotonic technology with microelectronic technology,

30



microphotonic technology must provide a close resemblance to the Si CMOS technology

and introduce little cross-contamination problems.

Among the materials discussed in section 2.3, InGaAs photodetectors made on Si provide
the best performance in terms of high quantum efficiency and low leakage current.
InGaAs, indeed, is the ideal material for making near-infrared photodetectors [37] [70].
However, introduction of InGaAs into the Si process raises serious concern regarding
cross-contamination. All the elements in InGaAs are dopants in Si. The equilibrium partial
pressure of As related species such as As, or As, is in the range of 1 atm to 10 atm at the
temperature range of 700°C to 900°C [63]. Annealing of InGaAs at high temperature can
result in significant As loss and change in surface stoichiometry. This feature would limit

InGaAs to the back-end Si processing technology and make process integration difficult.

SiGe, SiGeC and Ge, on the other hand, do not pose serious cross-contamination
problems. SiGe based BiCMOS technology has been developed for commercial
applications [61]. A more important question is related to the melting temperature of SiGe
alloys. The melting temperature of Si is 1415°C. For Ge, it is 937°C. Si and Ge are
completely soluble both in liquid phase and solid phase. There is, therefore, no eutectic
point in the binary SiGe phase diagram. The melting temperature of SiGe, therefore,
decreases monotonically with the addition of Ge. The introduction of pure Ge would limit

the annealing temperature of any later processing to temperature below 937°C.
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2.5.2 Capability for large scale integration

To allow the large scale integration of Si microphotonic components with Si
microelectronic devices, each microphotonic component including the photodetectors
must be small. This is the reason why high dielectric contrast waveguide systems such as
Si/Si0, and Si3N,/SiO, systems are selected for the Si microphotonic waveguide devices.

The photodetector technology must also allow large scale integration.

Giovane studied the integration of near-infrared photodetectors grown on graded buffer
layers with poly-Si waveguides [5]. Figure 2.1 shows a schematic to illustrate this
integration scheme. Using graded buffer layers, the photodetector is several microns

above the transistor level.

Si wafer surface
-

Figure 2.1: Integration challenge of photodetectors grown on a thick buffer-layer.
Depending on the thickness of the buffer layer, the photodetectors would typically be at
least a few microns away from the transistor level. [5].
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Another possible way to integrate microphotonic photodetectors with Si microelectronic
is selective area growth. By selective area growth, semiconductor materials that are
sensitive to 1300 nm and 1550 nm light can be selectively introduced into the Si
substrates. The selective area growth of Ge on patterned SiO,/Si wafer has been
demonstrated [56] [65]. With selective area growth, planar integration of Si MOSFET and

Ge photodetectors can be achieved. Figurer 2.2 shows a schematic to illustrate this point.

MOSFET _ Ge Photodiode

Figure 2.2: A possible scheme for the integration of Ge photodetectors with Si MOSFETs
and high dielectric contrast Si and SisN, waveguides. Selective area growth of Ge allows
the selective introduction of Ge into the Si substrate and therefore achieves large scale
integration of microphotonic and microelectronic components.

2.5.3 Photodiode performance

The performance of a photodiode is described by its quantum efficiency, leakage current
and speed. A high performance photodiode for Si microphotonic applications must
provide high quantum efficiency, low leakage current and high speed at a small bias
voltage. The photodiode should also be small to allow large scale integration. The smaller

the photodiode, the higher the density of integration.
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The quantum efficiency (n ) of a photodiode can be described by the following equation.

n=n,- (1 -exp(-ad))- ¢ @1

n, is the optical coupling efficiency and represents the percentage of the input optical
power that is coupled into the active region of the photodiode. o is the absorption
coefficient of the active region of the photodiode, d is the distance that the light travels in
the active region and ¢ is the collection efficiency of the optically generated carriers in the
photodiode. To make small and efficient photodiodes (about the size of a few microns),
the absorption coefficient must be high (~10* cm’!). Both InGaAs and Ge have high
absorption coefficient at 1300 nm and 1550 nm. This is the main reason for the much
higher quantum efficiencies of InGaAs and Ge photodiodes integrated on Si compared to

those of SiGe photodiodes.

According to the review in Section 2.3, research in strained SiGe superlattice and SiGeC
materials show that these materials have small absorption coefficient in the 1300 nm to
1550 nm range. It is interesting to find out if there is a possibility to engineer SiGe
superlattices with much higher absorption coefficient by exploring a wide range of strain
and Ge fraction space. The absorption coefficient of SiGe materials as a function of strain
and Ge fraction has been calculated by Giovane [64]. Figure 2.3 shows the calculated

absorption coefficient at 1.3 um.
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Figure 2.3: Calculated absorption coefficient of SiGe as a function of strain and
composition at 1300 nm [5].

Figure 2.3 shows that compressive strain can pull down the iso-absorption contour for
o =107 cm! while pushing the iso-absorption contour for o = 10* cm’! up. The reason
for this behavior lies in the band structure of Si and Ge [66]. Figures 2.4 and 2.5 show the

band diagrams of Si and Ge respectively.

Both Si and Ge are indirect band gap materials. The edge of the Si conduction band is
close to the X-valley (<100> directions). The edge of the Ge conduction band is at the
L-valley (<110> directions). One major difference between the Si and Ge band structure,

however, is that Ge conduction band has a I'-valley that is very close to the conduction
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band edge. This I-valley provides a mechanism for electrons in the valence band to
absorp optical power easily and be promoted into the conduction band. This is a
two-particle process and is essentially the mechanism that gives direct band-gap
semiconductor materials such as InGaAs their high absorption coefficient (104 cm‘l). This
kind of absorption process is more difficult in Si because in the Si band structure, the
I-valley is quite distant from the valence band edge. Most of the optical absorption in Si,
therefore, requires electrons at the valence band edge to be promoted to the X-valley. This
process requires a photon, an electron and a phonon for momentum conservation. Since
this is a three-particle process and is less efficient compared to direct transitions, this
process only gives low absorption coefficient for photons with energy close to the band

edge.

Figure 2.4: Band structure of Si calculated by Chelikowsky and Cohen [224].
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Figure 2.5: Band structure of Ge calculated by Chelikowsky and Cohen [224].

The effect of strain on the band structure can be estimated using deformation-potential
theory [67] [68] [69]. Figure 2.6 shows how the I'-valley, X-valley and L-valley in the Ge
band structure change with biaxial strain in the (001) plane. The biaxial strain in the (001)
plane squeeze the diamond cubic unit cell of Ge into a tetragonal unit cell. Because the
Poisson ratio of Ge is less than 0.5, the volume of the unit cell is reduced when
compressive biaxial strain is applied. The volume of the unit cell is enlarged when tensile
biaxial strain is applied. The change in symmetry causes splitting of the light-hole and the
heavy-hole states in the valence band. In the conduction band, the biaxial strain splits the
X-valley and shifts the L-valley and I"-valley. The X-valley splits into the X-valley that
represents the [100] and [010] directions and the Z-valley that represents the [001]
direction. The X-valley is pulled down due to the compressive biaxial strain. This is the

reason why compressive strain can reduce the band gap of Ge and SiGe alloys. This is also
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the reason why the iso-absorption contour for o = 102 cm! in Figure 2.3 is pulled down
by the application of compressive strain. The shift of the I"-valley can be calculated using

the following formula:

AE= Dév‘—/ (2.2)

where AE is the change in the I'-valley band edge energy, D is the hydrostatic
deformation potential, v is the volume and AV is the change in volume. Since the
hydrostatic deformation potentials for the I'-valley of Ge and SiGe are negative,
compressive strain in the (001) plane pushes the I'-valley up. This is the reason why
compressive strain can push the iso-absorption contour for o = 10*cm’! up as seen in

Figure 2.3.
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Figure 2.6: The effect of biaxial strain on the band structure of Ge.
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Figure 2.3 and Figure 2.6 show that the only way to obtain high absorption coefficient
using the SiGe alloy system is to use relaxed or tensile strained alloys with high Ge
fraction. Adding Si or C into Ge increases the band gap and decreases the absorption
coefficient [32]. Strain relaxed or tensile strained pure Ge is the best choice for integrating

efficient near-infrared photodiodes on Si.

This section presented the basis for the selection of the semiconductor material to be used
as the active region in the photodetectors for Si microphotonic technology. InGaAs
provides a high absorption coefficient but is more difficult for process integration with Si
microelectronic devices due to cross contamination problems. InGaAs, therefore, should
be reserved for the integration of discrete near-infrared photodetectors on Si until cross
contamination problems can be solved. SiGe strained layer superlattices and SiGeC alloys
are quite compatible with Si processing technology. These materials, however, do not have
high enough absorption coefficient at 1300 nm and 1550 nm. The reason for the low
absorption coefficient has been discussed in detail in this section. The absorption
coefficient of SiGe and SiGeC alloys is not expected to be high enough unless a high
percentage of Ge is present. To provide the high absorption coefficient while staying
within the SiGe system, pure Ge is the best choice. Selective epitaxial growth of pure Ge
on patterned SiO,/Si wafers allows the selective introduction of Ge onto the Si substrate.
This makes the integration scheme illustrated in Figure 2.2 possible and provides the
potential for the large scale integration of Si microphotonic technology with Si
microelectronic technology. The challenge is the threading-dislocations that are almost
inevitable when Ge is grown on Si. Section 2.6 will evaluate the effect of
threading-dislocations on photodetector performance. It will be shown that

threading-dislocations are not fatal to the performance of photodetectors and need not be
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completely eliminated. In Chapter 3, it will be demonstrated that it is possible to grow Ge
on Si with no threading-dislocations by a combination of cyclic thermal annealing and

selective area growth.

2.6 Effect of threading-dislocations on the performance of photodiodes
2.6.1 Leakage current and noise

Leakage current, or dark current, is the current that flows through a photodiode even
without the injection of photons. Leakage current is, therefore, a source of noise in an
optical receiver. Noise in a receiver can degrade signal-to-noise (S/N) ratio and increase
bit-error-rate (BER). Leakage current is also a source of power dissipation. For large scale
integration, it is necessary to control power dissipation due to leakage current. This
section first discusses the sources of leakage current and the correlation between
threading-dislocation density and leakage current. Next a comparison of the leakage
current of Ge and InGaAs photodiodes is presented. At the end of this section, the
sensitivity analysis of a photodiode receiver will be presented. It will be shown that at high
bit-rate, leakage current is not a dominant source of noise. The reason for reducing

leakage current is therefore limited to the need to control power dissipation.

A thorough discussion of leakage current in photodiodes has been presented by Pearsall
and Pollack [70]. The sources of leakage current are: (1) diffusion current, (2) bulk
generation current, (3) surface leakage current and (3) tunneling current. Diffusion current
is due to the diffusion of thermally-generated minority-carriers into the depletion region
from the surrounding undepleted p and n region [71]. Bulk generation current is due to the

defect-assisted thermal generation in the depletion region [72]. Surface leakage is caused
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by carrier generation at the surface depletion region close to the metallurgical p-n
junction [73]. Tunneling current is due to band-to-band transitions or trap assisted
transitions at high electric field and is typically important for avalanche photodetectors.
For photodiodes made from heteroepitaxial layers that have a high density of
threading-dislocations, bulk generation is the most important source of leakage current.
For photodiodes that have unpassivated p-n junctions, surface leakage current is also
important. Passivation of Ge epilayer surface for the control of surface leakage current

will be discussed in Chapter 5.

Dislocations are known to increase leakage current of p-n junction diodes. For example,
using in-situ transmission-electron-microscopy (TEM) studies, Ross and co-workers have
reported an increase in leakage current as the density of misfit dislocations in a metastable
SiGe p-n junction diode was increased due to thermal annealing [74]. Kozodoy and
co-workers also showed that threading-dislocations in GaN p-n junction diodes can cause
an increase in leakage current [75]. The correlation between threading-dislocation density
and leakage current in SiGe p-i-n diodes has been studied by Giovane and
co-workers [76]. They showed that the contribution of threading-dislocations on the
leakage current can be estimated knowing the number of traps per length of dislocations

(N;p ) and calculating the defect state density (~;) using the following formula:

where N, is the threading-dislocation density. If the capture cross section (o, ) of defect
states related to threading dislocations is known, the minority-carrier lifetime can be

estimated by
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1
T= 2.4)
6,V Np-Npp

where v,, is the thermal velocity. Knowing the minority-carrier lifetime, the leakage
current density due to carrier generation at threading-dislocation related defect states can

be estimated by the following:

Q'ni'w )

where W is the depletion width, and », is the intrinsic carrier concentration. Using
Equations 2.3, 2.4 and 2.5, leakage current in a Ge photodiode with threading-dislocations
can be evaluated if the capture cross section and defect density per dislocation length is
known. Currently there are no reports on these values. For a rough estimate, values for Si
and SiGe alloys can be used. From Kimerling and co-workers, in Si Nj= 10%m™
[77] [78]. The effective capture cross section for threading-dislocations in Sij-;Geg3
alloys has been measured using deep-level-transient-spectroscopy (DLTS)
(0,= 4x10%cm® ) [79]. Using these values and v,= 1.17x10'(cm/s) at 300K,
n=24x10"cm™ for Ge, the leakage current due to carrier generation at defect states

related to threading-dislocations can be calculated:

J(A/emP)= 1.8 x 1071 (A/cm) - w - N, 26
This calculation shows that the leakage current per length of threading dislocation in pure
Ge is 180 uA/cm. Assuming that the depletion width is 1pum and the
threading-dislocation density is 2x107 cm™, the leakage current density calculated using
Equation 2.6 is 360 mA/cm?. This value is much larger compared to that reported in

reference 59 (50 mA/cm?) [59]. This suggests that the activity of threading-dislocations in
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Ge can be quite different from that in SiGe alloy. Calculation by Equation 2.6, therefore,

should be used as an upper limit in the estimation of leakage current and noise.

An application of Equation 2.5 and a comparison of the leakage current in Ge and
Ing 53Gag 47As is in order here. The purpose is to compare the difference in leakage
current here and later estimate how this difference affects the noise in a photodetector
receiver. We will use the following equation for the comparison of leakage current in p-i-n

photodiodes.

J =J,+J = gn. + 2.7
leak d W w
eakage iff ' “gen i (Nd c Na T,

D b D, J s q-n;-w
C

where D, is the diffusion coefficient of holes, D, is the diffusion coefficient for electrons,

N, is the doping concentration in the heavily doped n-region, N, is the doping

concentration in the heavily doped p-region and W, is the distance from the edge of the

intrinsic region to the interface between the heavily doped region and the metal contact.

For the comparison of the leakage current, the most important parameter is the ratio of the

intrinsic carrier concentration,

i _Ge
ni—InGaAs

While other parameters depend on the materials quality and doping concentration, the

2.8)

intrinsic carrier concentration is intrinsic to the material. The intrinsic carrer

concentration (»;) can be described by the following formula [72]

5 (2.9)

mq

m, m 3/4
2 —E,/2kT
n= 4.9 % 1015(M] /%
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where m,, is the density-of-state effective mass of electrons, m,, is the density-of-state
effective mass of holes, m, is the electron rest mass, 7 is the temperature, E, is the band
gap and & is the Boltzmann constant. For Ge, at room temperature, m,,= 0.226, m = 0.292
and E,= 0.66¢V. For Ing 53Gag 47AS, my= 0.046, m,= 0.224 and E,= 0.748¢V[80]. Figure

ni_Ge

2.7 shows the calculated as a function of temperature. The intrinsic carrier

ni_InGaAs
concentration of Ge is 50 times larger than that of InGaAs at room temperature. This is
due to the smaller band gap and much heavier electron effective mass of Ge. In well
designed InGaAs or Ge p-i-n photodiodes with low defect density the leakage current is
limited by the diffusion current. In these cases, the leakage current of a Ge photodiode can
be about 2500 times higher than that of an InGaAs photodiode. In cases where the defect
density is high and the generation current is larger than the diffusion current, the carrier
lifetime for both Ge and InGaAs would be in the similar range. Assuming that the
depletion width is the same, the leakage current of a Ge photodiode would be about 50
times larger than that of an InGaAs photodiode. Combining the lower leakage current

density with the much higher absorption coefficient of Ings3Gag47As at 1300 and

1550 nm, In 53Gag 47As is a much better material for making near-infrared photodiodes.
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Figure 2.7: The ratio of Ge intrinsic carrier concentration to the InGaAs intrinsic carrier
concentration as a function of temperature.

We are now ready to discuss the effect of leakage current on noise, bit-error-rate and
sensitivity. Complete discussions of the sensitivity of photodiode receivers can be found in
several book chapters [81] [82]. Here, only the main conclusion is presented.
Bit-error-rate (BER) is defined as the ratio between the number of errors that occur in the
transmission of information divided by the number of bits that are transmitted. Receiver
sensitivity is the optical power required at the optical input of a photodiode receiver to
achieve a certain BER (typically 10 or 107!?). With increasing noise level, the S/N
decreases and the BER increases. To maintain the same BER, the required optical power
increases and the receiver sensitivity degrades (that is, higher optical power is needed to
achieve the same BER). A photodiode receiver typically has two devices: a p-i-n
photodiode for photon detection and a field-effect-transistor (FET) for signal
amplification. The sources of noise are shot-noise ((i%)), thermal-noise ((iz)),

channel-noise ((i2)), and 1/f noise ({i;)). At low bit-rate, shot-noise is important:
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2
(ip) o< 2q(Ig +1,)B (2.10)
where 1, is the FET gate leakage, I, is the dark current (or leakage current) of the

photodiode and B is the bit-rate. At high bit-rate, the channel noise is important

( ii) oc C%B3 (2.11)
where C; is the total input capacitance of the photodiode and the amplifier FET. Because
the channel-noise is proportional to B*, channel-noise is the dominant noise source at high
bit-rate. Figure 2.8 shows a typical calculated sensitivity versus bit-rate plot. The detail of
the sensitivity to bit-rate plot depends on the characteristics of the photodiode and the FET

amplifier. Figure 2.8 should only be viewed as a way to improve understanding.

Sensitivity vs. Bit Rate for a Series of Leakage Currents
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Figure 2.8: Typical behavior of sensitivity versus bit-rate plot of a p-i-n receiver. At high
bit-rate the contribution of shot-noise become less important.
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An important feature of Figure 2.8 is that the effect of shot-noise on sensitivity is less
significant at higher bit-rate. This is because the channel-noise is proportional to B’.
Therefore, one can expect that leakage current from a photodiode plays a less significant
role as the speed of the optical link increases. As concluded by Bowers and Burrus, for a
p-i-n/FET receiver with a leakage current of 10 WA, the leakage current causes less than
1 dB reduction in sensitivity [37]. Also, as pointed out by Pearsall, Pollack and Forrest, it
is more important to reduce the capacitance of a photodiode at high bit-rate rather than
controlling leakage current [70] [82]. One way to reduce the photodiode capacitance is to
reduce the area of the photodiode. Reducing the area of a photodiode also has the effect of
reducing the total leakage current. From Equation 2.6, the upper bound of leakage current
density in a Ge photodiode with a depletion width of 1 um and a threading-dislocation
density of 2x107 cm™ is 360 mA/cm?. A typical high speed photodiode has a diameter of
100 um. The total leakage current is 28 pA. Ge epilayers on Si with much lower
threading-dislocation densities have been demonstrated and will be discussed in Chapter
3 [56]. Measured leakage current density is also much lower than our calculated upper
bound. We can therefore conclude that the leakage current in a Ge photodiode made from
Ge epilayers grown on Si is low enough for making sensitive high-speed p-i-n receiver.
Threading-dislocations are not a major source of noise and sensitivity degradation. The
reason for reducing leakage current in Ge photodiodes used in Si microphotonics systems

is therefore to control the power dissipation rather than to improvement the sensitivity.

2.6.2 Carrier Mobility and Speed

The speed of a photodetector is controlled either by RC delay or carrier transit time

through the depletion region; whichever is slower. For a well designed photodetector, the
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speed is limited by the carrier transit time (¢,). The 3-dB frequency (that is, speed) of a

photodetector is given by

_ 24 ~0.4vd
f3aB= 577 = W
.

(2.12)

where v, is the drift velocity of photo-generated carriers in the depletion region and W is
the depletion width [72]. The velocity of the photo-generated carriers can be related to the

carrier mobility (u) by the following model [71]

(2.13)

where ¢ is the electric field and v,,, is the saturation drift velocity of the carriers. Figure

sat
2.9 shows the relationship between drift velocity and electric field for Ge with electron
mobility of 3900 cm®V-s and hole mobility of 1900 cm?/V-s calculated from equation
2.13. Figure 2.9 demonstrates that, at high electric field, both electrons and holes travel at

the saturation drift velocity. At low electric field, the drift velocity is almost proportional

to the electric field and Equation 2.13 is reduced to

V= FuUE (2.14)
For carriers with lower mobility, higher electric field is needed to obtain saturation drift
velocity. Since threading-dislocations are known to reduce carrier mobility, photodiodes
made from materials grown by heteroepitaxy might not provide high enough speed
performance. In the rest of this section, the effect of threading-dislocations on carrier
mobility are reviewed and the possibility of making high speed photodiodes using
dislocated materials is considered. It will be shown that threading-dislocations have very

little effect on room-temperature mobility and speed.
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Figure 2.9: Carrier drift velocity of electrons and holes in Ge calculated using equation
2.13.

The effect of dislocations on the carrier mobility has been reported in the early days of
semiconductor research [83] [84] [85]. It was thought that dislocations with edge
component act like acceptor centers. Dislocation related acceptor centers can capture
electrons and become negatively charged. Around the dislocation line, there is a
space-charged region that scatters carriers and reduce carrier mobility. Similar models
have been used to explain the effect of threading-dislocations on carrier mobility in III-V
compounds grown on Si[86], SiGe systems on Si [87] [88] [89] [90], and GaN on
Al,05[91] [92] [93]. For the purpose of integrating near-infrared photodiodes on Si, the
work on III-V materials grown on Si and the study of SiGe systems are relevant. Bartels
and co-workers found that InP and GaAs grown directly on Si have high densities of
threading dislocations (1~2x10% cm™). At room temperature, they found that carrier

mobility is almost unaffected by dislocation scattering [86]. Electron mobility as high as
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3600 cm?/V-s (InP) and 3800 cm?/V-s (GaAs) were reported. Ismail reported that in SiGe
systems, electron mobility becomes sensitive to threading-dislocations when their density
exceeds 3x108 cm™ [89] [90]. The room-temperature electron mobility is reduced by 10%
at a threading-dislocation density of 3x108cm™ and reduced by 50% at a
threading-dislocation  density of 1011 cm™.  All these reports show that
threading-dislocations below the level of 108 cm™ do not significantly affect electron
mobility. Measurement of electron mobility in Ge grown directly on Si also supports this

finding [59].

It is interesting to estimate the effect of reduced carrier mobility on the speed of
photodiodes. The goal of this analysis is to show that even with a reduction in carrier
mobility, it is still possible to make high speed photodiodes. The hole mobility of Ge is
1900 cm?/V-s. Assuming a 90% reduction in hole mobility, this would give a hole
mobility of 190 cm?/V-s. This kind of reduction in mobility is larger than experimentally
reported reduction reviewed earlier. Assume the depletion width is about 1 pm and the
applied voltage is 1 V, the electric field is 10* V/em. Using equation 2.13, we have a hole
drift velocity of 1.4x10% cm/s. Using equation 2.12, the 3-dB frequency is 5.8 GHz. The
3-dB frequency of a p-i-n photodiode as a function of depletion width and hole mobility is
shown in Figure 2.10. This calculation shows that even with a 90% reduction in hole
mobility, Ge photodiodes running at GHz are still possible. We can conclude that the
effect of threading-dislocations on mobility does not seriously degrade the speed of

photodiodes.
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Figure 2.10: 3-dB bandwidth of a p-i-n junction photodiode as a function of depletion
width, mobility and bias voltage.

2.6.3 Device reliability

Dislocations are known to cause sudden failure of laser diodes [94] [95]. The mechanism
for this sudden failure has been attributed to recombination enhanced defect
reactions [96]. Since a photodiode’s device structure is similar to that of a laser diode, it is
important to consider the effect of threading-dislocations on photodiode reliability. If
threading-dislocations are fatal to photodiode operation as suspected by Lafontaine and
co-workers [27], threading-dislocations should be completely eliminated. On the other
hand, if threading-dislocations do not cause sudden failure of photodiodes, some residual

threading-dislocations can be tolerated.

The reliability of photodiodes has been reported [97] [98] [99] [100]. There has been little

evidence of sudden failure of photodiodes. Failure of photodiodes, rather, is characterized
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by a slow increase in leakage current. When the leakage current becomes so high that the
S/N ratio is too low, the BER can become so high that the optical communication link
ceases to function [99]. Several mechanisms account for the failure of photodiodes [100]:
(1) Local avalanche breakdown at the p-n junction at the surface. (2) Electrode reaction
the with semiconductor that shorts the p-n junction. (3) Breakdown of dielectric film
between the electrode and the semiconductor. (4) Microplasma generation at current
concentration sites related to defects. Among the four possible failure mechanisms of
photodiodes, microplasma generation is most likely related to threading-dislocations. As
experimentally demonstrated in InP avalanche photodiodes, recombination centers
(related to threading-dislocations) revealed by electroh—beam—induced-current (EBIC)
imaging at 0 V become a strong generation site at high reverse bias (-30 V) [97]. These
recombination centers are found to be related to Fe decorated dislocations. Defects that
generate such a microplasma can cause current concentration. When the current density is

too high, the p-n junction can be destroyed by local melting.

Based on the above discussion, decorated threading-dislocations can be possible sites of
photodiode failure at high reverse voltage. To avoid failure related to microplasmas, it is
important to prevent contamination of the depletion region of photodiodes. This can be
easily achieved in epitaxially grown devices. Another possibility is to design the p-n
junction so the current flows at almost vertical angle to the threading-dislocation lines.
This prevents the local concentration of current flow through threading-dislocation lines.
However, the most effective way to prevent failure might be to design high performance
photodetectors that operate at small bias voltage. It will be shown in chapter 4 that high

performance Ge photodiodes operating at low bias voltage can be integrated on Si.
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Threading-dislocations are, therefore, not fatal to the operation of photodiodes and need

not be completely eliminated.

2.7 Design of microphotonic photodiodes

Based on the previous discussion, photodiodes for Si microphotonic technology should be

designed with the following guidelines. These guidelines are relevant to the design of both

normal-incidence photodiodes and waveguide photodiodes.

1.

3.

High quantum efficiency: To achieve high quantum efficiency, we must have high
waveguide/photodiode coupling efficiency and use materials with high absorption
coefficient at 1300 nm and 1550 nm. A coupling efficiency of 100% is desirable.
An absorption coefficient in the range of high 103cm™! to low 10*cm™! is
necessary. An absorption coefficient higher than 10° cm™! might result in lower

quantum efficiency due to surface recombination.

High speed: To achieve high speed, we should make sure that the distance that
photogenerated carriers need to travel is short. For a speed of 1 Gbit/s at a bias
voltage of 0.5V, the distance should be smaller than 4 um. For a speed of
10 Gbit/s at the same low bias voltage, the distance should be smaller than 1 um.
We also need to design photodiodes with small capacitance so that the speed is not
limited by RC delay.

Low leakage current: To achieve low leakage current, we must have small
depletion volume, good surface passivation and low defect density. For high speed
optical link in the Gbit/s range, a total leakage current of 10 WA is low enough for
a discrete photodiode. For large scale integration of photodiodes, it is necessary to
make the leakage current as low as possible to reduce power dissipation.

High reliability: To achieve high reliability, we must design photodiodes that can
operate at low bias voltage. We also need to improve materials quality. It is
especially important to make sure that any dislocations left in the photodiode are

not decorated by metal contaminant.
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5. High Si microelectronic integration capability: To achieve high level integration,
the photodiode must be small and the technology must not cause cross

contamination problems in Si processing.

The epitaxial growth of high quality Ge epilayers with threading-dislocation density as
low as 8 x 10° cm™ with high absorption coefficient at 1300 nm and 1550 nm will be
discussed in Chapter 3. It will be also shown that Ge mesas with no threading-dislocations
can be grown on Si by selective epitaxy. Performance of Ge photodiodes made with Ge
epilayers grown on Si will be discussed in Chapter 4. It will be shown that highly efficient
Ge photodiodes can be integrated on Si using epi-technology described in Chapter 3.
Chapter 5 will discuss the passivation of Ge surface. It will be shown that passivation of

Ge can be done by thermal oxidation of Si epilayer grown on Ge.
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Chapter 3

Direct epitaxial growth of high quality Ge epilayers on
Si

3.1 Overview

This chapter discusses the epitaxial growth of Ge epilayers on Si. A literature review of
the work in the field of threading-dislocation reduction is first presented. That is followed
by a discussion of the experimental procedure for the deposition of high quality Ge
epilayers on Si. Finally, the effect of several processing parameters on the
threading-dislocation density in Ge grown on Si is discussed. This chapter provides
conclusive evidence that high-quality Ge epilayers with low threading-dislocation

densities can be grown directly on Si without the use of buffer layer structures.

3.2 Introduction

Heteroepitaxy of Ge on Si is a research topic of significant technological importance. A
particularly important application is the integration of Ge photodetectors with Si or SizNy
waveguides and Si based electronic devices for the distribution and detection of optical
signal at wavelengths of 1300 nm and 1550 nm on Si. Silicon-based optoelectronic
integrated circuits (OEIC), or Si microphotonic systems, offer a potential solution to the
limitation of metal interconnect. High-quality Ge epilayers on Si can also be used for the
integration of Ge-based transistors on Si. The epitaxial growth of high-quality Ge on Si,
however, is difficult due to the 4% lattice mismatch between Ge and Si. This lattice
mismatch causes two major problems when Ge is epitaxially grown on Si: (1) the

introduction of high densities of misfit-dislocations and threading-dislocations in the
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epilayer, and (2) high surface-roughness due to island growth. High surface-roughness
causes difficulties in process integration. High densities of threading-dislocations can
increase the leakage current of p-n junctions. In this chapter, a technology for the
heteroepitaxy of high-quality Ge epilayers on Si with low surface-roughness and low
threading-dislocation density is presented. This technology allows the selective epitaxial
growth of Ge directly on Si wafers with patterned SiO, mask and therefore provides an

opportunity for large scale integration of Ge photodiodes with Si microelectronics.

3.2.1 Origin of threading-dislocations

In lattice mismatched systems such as the Ge/Si system, misfit-dislocations develop
during the growth to relax the lattice mismatch between the Ge epilayer and the Si
substrate. These misfit-dislocations relax the lattice mismatch between Ge and Si by
introducing extra half planes of atoms. These misfit-dislocations are confined to the
interface between the Ge epilayer and the Si substrate and are energetically stable when
the Ge thickness is larger than the critical thickness for misfit-dislocation

formation [101] [102] [103] [104].

Threading-dislocations are the by-products of the formation of misfit-dislocations and do
not relax strain due to lattice mismatch. Threading-dislocations are left in the epilayers
because dislocations cannot end in a crystal and have to either form a loop or terminate at
a free surface. Since the epilayer surface is the nearest free surface to the epi-substrate
interface, these threading-dislocations typically thread from the epi-substrate interface to
the epilayer surface. Since devices are usually built close to the epilayer surface, these

threading-dislocations can easily affect the performance of devices built on epilayers.
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Therefore, the reduction of threading-dislocation densities in epilayers grown on lattice

mismatched substrate is important.

3.2.2 Methods for threading-dislocation reduction

Several methods have been developed for the reduction of threading-dislocation densities

in lattice-mismatched epilayers:

1.

Growth of thick constant composition buffer layer: Sheldon and co-workers found
that in InAs/GaAs, GaAs/Ge/Si, GaAs/InP, and InAs/InP heterostructures, the
threading-dislocation density is inversely proportional to the epilayer
thickness [105]. Tachikawa and Yamaguchi later showed that for film thickness
below 10 um, the threading-dislocation density is inversely proportional to film
thickness [106]. For film thickness larger than 50 um, they found that the
threading-dislocation density is exponentially proportional to the film thickness.
The mechanism for the reduction of threading-dislocations is thought to be the

annihilation and coalescence of dislocations.

Growth of graded buffer layer: Fitzgerald and co-workers demonstrated that by
growing SiGe relaxed graded buffer layers on Si at high temperature, high quality
relaxed epilayers with 0~100% Ge can be grown on Si [107] [108] [109]. Their
idea is that by preventing massive dislocation nucleation, interaction and
multiplication events that increase threading-dislocations can be reduced. This is
done by staying within the low mismatch region with the introduction of each
grading layer. Each grading layer therefore introduces a small number of new
dislocations while providing the strain to glide dislocations out of the edge of the

substrate.

Strained layer superlattices: Strained layer superlattices are essentially several
low-misfit layers on top of each other. The idea is that strain can act as a barrier to
the vertical movement of threading dislocations [110].

Low temperature Si buffer layer: For the heteroepitaxial growth of SiGe on Si,

several groups have reported that the insertion of a low-temperature
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molecular-beam-epitaxy (MBE) grown Si buffer can dramatically reduce the
threading-dislocation density in the SiGe layer. The mechanism for this
improvement is not clear [111] [112] [113] [114] [115]. It has been suggested that
point defects in a low-temperature Si buffer layer can trap the dislocations [116].

5. Growth interruption and cyclic thermal annealing: Several groups have reported
that growth interruption and in-situ annealing can reduce threading-dislocation
densities in GaAs grown on Si [117] [118] [119]. Cyclic thermal annealing has
also been reported to be effective in reducing threading-dislocation densities.

6. Growth on patterned substrates: Epitaxial growth on patterned substrates has been
shown to reduce the overall threading-dislocation density. In small misfit systems,
epitaxial growth on small patterns reduce the misfit-dislocation densities and
dislocation  interactions and  therefore  the threading-dislocation
densities [120] [121]. Growth in small areas also reduces the distance the
threading-dislocations need to travel before they reach the side edges of the
epilayer [122] [123].

7. Epitaxial necking, conformal growth, epitaxial lateral overgrowth and
pendeo-epitaxy: If threading-dislocations thread to the epilayer surface at a certain
direction, it is possible to reduce the threading-dislocation density by blocking
threading-dislocations using amorphous materials such as SiO, and SizNy.
Epitaxial necking [124] [125], conformal growth [126], epitaxial lateral
overgrowth [127] [128], and pendeo-epitaxy [129] are methods based on this idea.

8. Compliant substrate: If threading-dislocations can thread into the substrate rather
than into the epilayer, epilayer with essentially no threading-dislocations can be
obtained. This has been reported by the application of the compliant substrate
technology [130] [131]. By introducing a thin-compliant layer on the substrate by
wafer bonding or by thinning of SOI wafer, several research groups have reported

epilayers with very low threading-dislocation densities [132] [133] [134].

As discussed in Chapter 2, for large-scale integration of Ge photodetectors on Si, a

technology for selectively introducing high-quality Ge epilayers on Si is necessary. For
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simple process integration with Si microelectronic technology, it is ideal to reduce
threading-dislocations in small selectively-grown Ge mesas by a simple thermal annealing

process. It will be demonstrated in Sections 3.3 and 3.4 that this can be accomplished.

3.2.3 High lattice-mismatched systems: Ge/Si, GaAs/Si

Heteroepitaxy of Ge on Si has been studied by several groups. Tsaur and co-workers
found that by using vacuum-evaporation to deposit Ge on Si, they could deposit smooth
Ge films on Si by heating the substrate to 550°C [135]. However, increading the
deposition temperature to 650°C resulted in increased roughness of the Ge film. Their best
threading-dislocation density was about 108 cm™ as measured by TEM. Twins were also
found in the Ge film. Kuech and co-workers reported the growth of Ge on Si by
chemical-vapor-deposition (CVD) and physical-vapor-deposition (PVD) at a substrate
temperature of 500°C [136] [137]. However, high densities of threading-dislocations and
twins in the Ge films were reported. Ishii and co-workers reported the selective area
growth of Ge on Si by CVD using SiO, as a mask material [138]. Fukuda and co-workers
reported that in-situ thermal annealing at 680°C can reduce threading-dislocations in Ge
grown on Si by MBE at 600°C [139] [140]. Baribeau and co-workers reported the growth
of Ge on Si with threading-dislocation density as low as 5 x 108 cm? using MBE growth
at 610°C and post-growth cyclic thermal annealing at 700°C [141] [142]. They also
reported that Ge on Si with similar quality can be obtained by a two-step MBE growth
procedure without thermal annealing. The first layer was grown at 500°C (~200 nm) and
the second layer was grown at 700°C (~1.5 um). They reported a threading-dislocation
density of 5x 10°cm™ as measured by the FWHM of the Ge (004) Bragg reflection
rocking curve. Rapid thermal chemical vapor deposition of Ge on Si has been reported by

Ozturk and co-workers [143]. Their experiment showed that the Ge CVD process is
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surface reaction limited at temperatures below 450°C and is mass transport limited at
temperature above 450°C. Using UHV/CVD, Cunningham and co-workers reported
similar growth behavior [144]. They also reported that at growth temperatures below
350°C, Ge growth occurs in a two-dimensional, layer-by-layer mode. Above 375°C,
growth occurs as three-dimensional island growth [145]. Later, they also reported
non-selective Ge growth on SiO, by UHV/CVD with the flow of GeH,/B,Hg/He
mixture [146]. Kvam and Namayar reported the growth of Ge on Si by flowing GeCly at
growth temperatures from 985°C to 1060°C [147]. This growth temperature is higher than
the melting temperature of Ge (939°C). They reported a threading-dislocation density of
8 x 10° cm™ measured by plan-view TEM. Malta and co-workers reported the MBE
growth of Ge on Si at a growth temperature of 900°C [148][149]. The
threading-dislocation density measured by etch-pit-density counting (EPD) is in the low
10° cm? range. It is clear from these reports that none of the research done till now
provides a systematic report on the selective area growth of Ge on Si with low
threading-dislocation density. There has also been no report on the study of
threading-dislocation densities in UHV/CVD grown Ge on Si. UHV/CVD is the tool used

for epitaxial growth in the SiGe BiCMOS technology.

A system that is very similar to the Ge/Si heteroepitaxial system is the heteroepitaxial
growth of GaAs on Si. The lattice mismatch between GaAs and Si is also about 4%, which
is very similar to that between Ge and Si. A review of the work in the heteroepitaxy of
GaAs on Si is therefore very helpful in understanding the Ge/Si system. A large number of
papers have been written regarding the heteroepitaxy of GaAs on Si. Many methods have

been applied to reduce threading-dislocation densities in GaAs grown on
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Si[150] [151][152] [153]. Here we focus on summarizing the reduction of

threading-dislocations in GaAs on Si by thermal-annealing processes.

Fan and co-workers reported the reduction of threading-dislocations in GaAs grown on Si
by the cyclic interruption of the vapor phase growth process. During the interruption, the
samples were cooled down to room temperature and heated back to the growth
temperature [154]. The GaAs was grown on a Si wafer covered with 0.15 um of Ge buffer
layer. They suggested that the thermal mismatch between GaAs and Si during
temperature-cycling can cause stress-induced dislocation movement and form dislocation
loops. By repeating the process several times, most of the threading-dislocations form
loops and the top epilayer surface can be free of threading-dislocations. However, they did
not report the final threading-dislocation density. Early reports of GaAs growth on Si
typically included a Ge buffer layer. Akiyama and co-workers reported the direct epitaxial
growth of GaAs on Si by a two-step process [155]. In this two-step process, GaAs growth
was first initiated at a low temperature of 450°C. After a suitable thickness of LT-GaAs
was grown, the temperature was raised to conventional GaAs growth temperature. Lee
and co-workers reported the growth of GaAs on Si by a two-step MBE growth procedure
and the reduction of threading-dislocations by post-growth thermal-annealing [156].
Using cross-sectional TEM, they showed that post-growth annealing of GaAs grown on Si
at 850°C under arsenic overpressure for 15 minutes can reduce the threading-dislocation

density from about 10° cm? to 107 cm?

range. Okamoto and co-workers reported high
quality GaAs on Si obtained by a combination of the application of in-situ thermal cycling
(between 300°C and 900°C) and the insertion of an InGaAs/GaAs superlattice [118]. They
reported etch-pit-density (EPD) of 1.4 x 108 cm™ by KOH etching. Itoh and co-workers

later reported that similar EPD (2 x 109 cm™) can be obtain in GaAs grown on Si by
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in-situ thermal-annealing along [157]. In a series of papers, Yamaguchi and co-workers
also demonstrated the reduction of threading-dislocation density in GaAs grown on Si by
in-situ  cyclic  thermal-annealing [119] [158] [159].  Their = measurement  of
threading-dislocation density was done by EPD using KOH etching. Their EPD
measurements were calibrated by plan-view TEM. They showed that better GaAs quality
can be obtained by increasing annealing temperature. They proposed a chemical
reaction-kinetic model to explain their results. The lowest EPD reported was
2~3x10% cm™. Similar results have also been reported by several other research
groups [160] [161] [162] [163] [164]. One way to further improve the materials quality is
to combine selective area growth and cyclic thermal-annealing. Yamaguchi and
co-workers reported that an average EPD lower than 106 cm? in selectively grown GaAs
square mesas (10 um width) can be achieved after cyclic thermal-annealing [165]. Chand
and Chu reported that post growth patterning and annealing can eliminate dark line defects
in patterns smaller than 15 um x 15 um [166]. Karam and co-workers also reported
similar reduction in threading-dislocation density by selective area growth and thermal
annealing [167]. A more interesting report is by Yamaichi and co-workers [168]. They
reported that by patterning SiO, deposited on GaAs/Si, similar reduction in
threading-dislocation density can be achieved after annealing. Their optical microscopic
images showed that most of the threading-dislocations are gettered at the edge of the SiO,

pattern.

Based on the above discussion, it appears that thermal annealing combined with
strained-layer superlattice and patterning (or selective area growth) can produce GaAs on
Si with threading-dislocation densities as low as 10% cm™. Most of these reports relied on

EPD (by KOH etching) for measurement of threading-dislocation densities. EPD by KOH
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etching, however, has not been know to accurately reveal the threading-dislocation
density. Using EPD by KOH etching, threading-dislocation densities as low as 103 cm?in
GaAs grown on Si have been reported by Fischer and co-workers [169] [170]. The
accuracy of these reports was later questioned by other research groups [150]. For
example, Ishida and co-workers found that there is a discrepancy between EPD
(~103 cm'z) and plan-view TEM counted threading-dislocation densities
(~107-108 cm™) [171]. They showed that the results could be reconciled by including
some small etch-pits that only show up in optical microscopy under high magnification.
This report demonstrated that it is very important to verify EPD measurement of
threading-dislocation densities carefully. Shimizu and co-workers did a series of
experiments and measured the threading-dislocation densities in GaAs on Si by both EPD
and plan-view TEM [172]. In the range of 10~107 cm™?, they found that EPD typically
gives measurements about a factor of two less than that by plan-view TEM. Using a model
developed by Stirland and co-workers, they attributed this difference to the resolution of
the imaging method of EPD [173]. Similar results have also been reported by
Stirland [174]. Based on the discussion above, we conclude that GaAs on Si with
threading-dislocation densities in the 106 cm? range can be obtained and
thermal-annealing is effective in reducing threading dislocations. Thermal-annealing,
therefore, should be considered as a way of achieving high quality Ge epilayers on Si.
Also, to ensure accuracy, it is very important to measure the threading-dislocation density

carefully.
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3.3 Experimental procedure

A hot wall UHV/CVD was used for Ge heteroepitaxy on Si. The base pressure of the
UHV/CVD chamber is 3 x 10™ Torr. The substrates were 4” p-type Si (001) wafers with
resistivity in the range of 0.5-2 Q—cm. For the selective area growth experiments, similar
p-type Si (001) wafers were oxidized in a typical oxidation furnace and then patterned
using photolithography. The oxide thickness was 1 um. Square windows with sides
ranging from 10 um to 100 um were etched in silicon oxide by buffered oxide etch
solution (BOE). The sides of the squares were aligned to the <100> directions. Before
heteroepitaxy, plane Si and patterned SiO,/Si wafers were cleaned in Piranha solution
(H,SO,4 : HyO, =3 : 1) for 10 minutes. Next, the native oxide was removed by dipping
the wafers in aqueous HF solution (HF : H,O =1 : 5) for 15 seconds. Heteroepitaxy of Ge
on Si was initiated at 350°C with a flow of 10 sccm of GeH, (15% in Ar). The total
pressure during Ge heteroepitaxy was 15 mTorr. After 30 nm of Ge was deposited on Si,
the furnace temperature was raised to 600°C or 900°C and approximately 1 um of Ge was
deposited on Si. Finally, the wafers were cyclically annealed between a high annealing
temperature (Tp) and a low annealing temperature (T ) in the same furnace used for the
Ge epitaxy. For rapid thermal annealing (RTA) experiments, 1 cm x 1 cm square pieces

were cut and annealed in a rapid thermal annealing furnace.

Samples were examined using cross-sectional TEM, plan-view TEM,
atomic-force-microscopy (AFM) and etch-pit density counting (EPD). For EPD, the
etchant was a mixture of CH;COOH (67 ml), HNO5 (20 ml), HF (10 ml) and I, (30 mg).
An optical microscope was used to image the etch-pits. We calibrated the
optical-microscope magnification using a microscope stage micrometer. In cases where

the resolution of the optical microscope was too low to reveal the etch-pits, AFM was
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used. AFM was also used to verify the results when optical microscopes revealed no
etch-pits in some selectively grown Ge sections on patterned SiO,/Si. For TEM
experiments, JEOL 2000FX and JEOL 2010 transmission-electron-microscopes were
used. We calibrated the magnification using a diffraction grating replica. For Burgers

vector analysis, the image orientation was calibrated by MoO3 platelets.

3.4 Results and discussion

3.4.1 High quality Ge epilayers on Si

The wafers are specular after epitaxial growth of Ge on Si. There is no cross-hatch pattern.
The root-mean square surface roughness as measured by AFM for samples grown at
600°C is about 1~2 nm. For samples grown at 900°C, the root-mean square surface
roughness is about 15 nm. Cyclic thermal annealing does not increase the surface

roughness much.

Table 3.1: Annealing parameters and characterization results of samples grown by
two-step UHV/CVD process with the first step at 350°C and the second step at 600°C.

Sample ID 6A 6A10 6A100 6AC
Ty(°C)/Time(min) NA 900°C/10min 900°C/100min 900°C/10min
T (°C)/Time(min) NA 100°C/10min 100°C/100min 100°C/10min
Number of Annealing Cycles NA 1 1 10
Threading-dislocation Density by (9.510.4)){108 (7.9+0.6)x107 (7.840.5)x107 (5.2+0.6)x107
TEM (cm™)

Threading-dislocation Density by (8.7+0.2)x108 (4.9+0.1)x10’ (4.8+0.1)x107 (3.7+0.1)x10’
EPD (cm™) by AFM
EPD/TEM 091 0.62 0.62 0.71




Table 3.2: Annealing parameters and characterization results of samples grown by
two-step UHV/CVD process with the first step at 350°C and the second step at 900°C.

Sample ID 9A 9A10 9A100 9AC
Ty(°C)/Time(min) NA 900°C/10min 900°C/10min 900°C/10min
TL(°C)/Time(min) NA 100°C/10min 100°C/10min 100°C/10min
Number of Annealing Cycles NA 1 1 10
Threading-dislocation Density by (1.6x0. 1))(108 (1.3:1:0.1))(108 (9.8-.*0.2))(107 (5.710.4))(107
TEM (cm™)

Threading-dislocation Density by (1.0+0.1)x108 (4.2+0.1)x107 (5.8+0.1)x107 (3.9+0.1)x107
EPD (cm™)
EPD/TEM 0.63 0.32 0.59 0.68

Table 3.1 shows a summary of the annealing parameters and measurements of
threading-dislocation densities in Ge deposited on Si at 600°C. Table 3.2 shows a
summary of the annealing parameters and measurements of threading-dislocation
densities in Ge deposited on Si at 900°C. All samples have about 1 um of Ge on Si. Both
measurements by plan-view TEM and EPD are reported in Tables 3.1 and 3.2. For both
TEM and EPD measurements, we sampled dislocations in at least twelve 10 um x 10 um
square areas and took the average. The error-bar is the 95% confidence interval of the
average. The measurements by EPD typically give smaller error-bars because it is easier
to have a large number of samples by EPD. More discussion on the comparison of EPD
and TEM measurements will appear in Section 3.4.5. Tables 3.1 and 3.2 clearly show that
cyclically annealed samples have lower threading-dislocation densities compared to
samples annealed for 100 minutes. This fact shows that increasing the number of
annealing cycles is more effective in reducing threading-dislocation densities than
increasing the annealing time at Ty =900°C. Figures 3.1 (a) and 3.1 (b) show the

plan-view and cross-sectional TEM pictures of Ge epilayers grown at 600°C. Figures 3.2
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(a) and (b) show the pictures for samples grown at 600°C after annealing (sample 6AC). A
comparison of Figures 3.1 and 3.2 clearly shows that annealing can reduce
threading-dislocation density. Since samples grown at 600°C have lower surface
roughness compared to samples grown at 900°C, experiments described in the following

sections were all conducted with samples grown at 600°C.

(a)

(b) 0.5um

Figure 3.1: (a) Plan-view TEM and (b) cross-sectional TEM pictures of Ge epilayers
grown at 600°C.
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As will be discussed in Section 3.4.7, the threading-dislocations in the annealed samples
have Burgers vectors of the form 3[101], g[loi] , g[OIT]or 3[011]. These are
glissile-dislocations that can glide in Ge under thermal-stress. Similar to the GaAs/Si
system, the thermal expansion coefficient of Ge and Si are quite different. The mechanism
for the reduction of threading-dislocations by cyclic thermal annealing can therefore be
understood in terms of the thermal stress induced dislocation glide and annihilation
mechanism proposed by Yamaguchi and co-workers [119]. Dislocation movement in
heterepitaxial films due to thermal stress has been observed by Stach and co-workers
using real-time TEM studies[227]. A detailed discussion regarding the mechanism for the

reduction of threading-dislocations can be found in Section 3.4.8.

3.4.2 Optimization of the cyclic thermal annealing process

If we assume that the thermal-stress induced dislocation glide and annihilation is the
mechanism for threading-dislocation reduction by cyclic thermal annealing, a process
optimization scheme can be proposed based on the optimization of dislocation
glide-velocity. By increasing the dislocation glide-velocity, the distance that a
threading-dislocation travels during one annealing cycle increases, therefore, increasing
the probability of dislocation annihilation events and leading to an enhancement in the

threading-dislocation density reduction rate.

Dislocation glide-velocity can be described by the following formula [175]

E
V,. .. =V .o -exp——v (3.1)
dislocation o “exc kT '
where V. ....on 15 the dislocation velocity, V, is a constant, o,,. is the excess stress

driving dislocation motion, E, is the energy barrier to dislocation glide, & is the
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Boltzmann constant and 7T is the temperature. In cyclic thermal annealing treatment,
samples of Ge epilayers on Si are first annealed at a high annealing temperature
Ty =900°C and then the temperature is dropped to a low annealing temperature (Tp).
Because the melting temperature of Ge is 939°C, it is reasonable to assume that the whole
Ge/Si structure is relaxed at Ty = 900°C. As the temperature is dropped to Ty , the thermal
stress between Ge epilayers and Si is induced due to the difference in coefficients of
thermal expansion (CTE) between Ge and Si. This thermal stress (o,) can be described by
the following formula

6= (ag;—ge) (Ty=Tp)- 3(1(—1_—;)\') U (32)
where ag, and a,, are the CTEs of Si and Ge, v is the Possion ratio, and p is the Young's
modulus. The excess stress is the thermal stress minus the dislocation line tension stress.
Since dislocation line tension stress is not strongly related to temperature and is much
smaller compared to the thermal stress, we have an expression of the dislocation velocity

as the following,

v

E

Vaistocation ™ (®si=%ge)  (Tg=Tp) - exp(—ﬁ) (3.3)
Equation 3.3 shows that there are two processes that control the dislocation velocity: the
thermal stress and the dislocation-glide energy-barrier. Thermal stress increases as T
decreases. Dislocation-glide energy-barrier, on the other hand, prevents dislocation glide
at low temperatures. Due to this tradeoff, there is an optimal temperature that gives the
highest dislocation velocity. Data necessary for the estimation of dislocation velocity in
Ge has been published [176]. Figure 3.3 shows the calculated normalized-velocity of
dislocations in Ge epilayers on Si as a function of T assuming that the system is relaxed

at Ty = 900°C. Based on Figure 3.3, an optimized cyclic thermal annealing process should
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have a Tj at about 830°C. We have performed experiments with Ty =900°C and
T} = 100°C, 675°C and 780°C. An experiment at Ty = 830°C was not performed due to the
limitation of our three-zone annealing furnace. Table 3.3 summarizes the results. The
threading-dislocation density decreases as Tj approaches 830°C. This verifies our
dislocation velocity optimization strategy and provides evidence for the dislocation glide
and annihilation mechanism. Figure 3.4 shows a cross-sectional TEM picture of sample

6ACT.
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Figure 3.3: Calculated normalized dislocation velocity in Ge epilayers grown on Si as a
function of Ty during cyclic annealing, assuming the system is relaxed at Ty; = 900°C. The
calculated dislocation velocity has a peak at about Ty =830°C. An optimized cyclic
thermal annealing process should have a T} close this temperature.
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Table 3.3: Annealing parameters and characterization results of samples annealed at
different T} . The threading-dislocation density decreases as Ty, approaches 830°C

Sample ID 6AC 6AC6 6AC7
Ty(°C)/Time(min) 900°C/10min 900°C/10min 900°C/10min
Ty(°C)/Time(min) 100°C/10min 675°C/10min 780°C/10min
Number of Annealing Cycles 10 10 10
Threading-dislocation Density by TEM (cm™?) (5.2+0.6)x107 (4.2+0.1)x107 (2.7£0.1)x107
Threading-dislocation Density by EPD (cm™) (3.7+0.1)x107 (3.1+0.1)x107 (2.120.1)x107
EPD/TEM 0.71 0.74 0.78

Figure 3.4: Cross-sectional TEM picture of Ge epilayer grown on Si by two-step
UHV/CVD process after cyclic thermal annealing between Ty = 900°C and Ty = 780°C.

3.4.3 Effect of high annealing tempefature

To understand the limitation of the thermal annealing process, we studied the Ty
necessary for the reduction of threading-dislocation densities. The purpose is to find the
lowest Ty that is effective in reducing threading-dislocation densities. For this

experiment, samples grown at 600°C were used. Square samples (1 cm x lcm) were
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cleaved from a wafer with Ge grown on Si similar to that used for samples 6A10, 6A100,
6AC, 6AC6, and 6AC7. These square samples were then annealed in a rapid thermal
annealing fumace at four different temperatures (650°C, 750°C, 850°C and 930°C) for
60 seconds. After annealing, cross-sectional TEM samples were prepared and examined.
These TEM pictures are shown in Figure 3.5. From these pictures it is clear that annealing
at temperatures higher than 750°C is necessary to effectively reduce
threading-dislocations. Tamura and co-workers reported that annealing temperature higher
than 900°C is necessary to reducing threading-dislocation densities in GaAs grown on

S1 [177]. Our experiment shows a similar trend.

(b) 750C (d) 930C

Figure 3.5: Cross-sectional TEM pictures of Ge grown on Si at 600°C annealed in a
rapid-thermal annealing furnace for 60 seconds at (a) 650°C, (b) 750°C, (c) 850°C, and (d)
930°C.
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3.4.4 Effect of Ge epilayer thickness

The proposal of thermal stress induced dislocation glide and annihilation as the
mechanism for the reduction of threading-dislocations suggests that an increase in Ge
epilayer thickness can result in lower threading-dislocation densities after thermal
annealing. This is because the thermal strain energy increases as the Ge epilayer thickness
increases. Therefore, threading-dislocations in thicker Ge film have higher driving force
to overcome barriers for dislocation motion. To verify this point, samples with four
different Ge epilayer thicknesses were grown at 600°C and cyclically annealed between
900°C and 780°C for 10 cycles. Annealed samples were then etched in the EPD solution
described in section 3.3 for 10 seconds. The film thickness of each film was measured by

chemical etching and surface profilometry.

Figure 3.6 summarizes the results. The threading-dislocation density in Ge epilayers
grown on Si after thermal annealing is lower in thicker Ge film. This indicates that an
increase in Ge epilayer thickness is effective in increasing driving force for
threading-dislocation reduction. It is interesting ‘ito examirie‘ the distribution of
threading-dislocations in Figure 3.6. EPD pictures of samples with lower
threading-dislocation densities (that is, Figure 3.6 (b), (c) and (d)) reveal that
threading-dislocations are clustered together after annealing. Dislocation clusters are
especially visible in Figure 3.6 (d). Details regarding the effect of dislocation clustering on
the effectiveness of annealing for reducing threading-dislocations will be discussed in
Section 3.4.8. Another interesting feature to note in Figure 3.6 is the circular shape of each
etch-pit which makes it easier to distinguish closely spaced etch-pits as opposed to the

elogated etch-pits revealed by KOH etching of GaAs [119].
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Ge =2480 nm
EPD =1.1x10"cm™

20 pm (©

Ge = 3889 nm
EPD = 7.9x10%m2

20 um (d)

Figure 3.6: EPD pictures of Ge epilayers grown on Si at 600°C after cyclic thermal
annealing between 900°C and 780°C. (a) Thickness = 552 nm, (b) Thickness = 1252 nm,
(c) Thickness = 2480 nm, (d) Thickness = 3889 nm.

3.4.5 Verification of threading-dislocation density measurements

In section 3.2.3, we have discussed the problem related to the EPD measurement of

threading-dislocation densities in GaAs grown on Si using KOH etching. To ensure proper
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threading-dislocation density measurements, we have used both PV-TEM and EPD for the
measurement. These data are summarized in Tables 3.1, 3.2 and 3.3. Figure 3.7 shows the
correlation between EPD and PV-TEM measurements. The correlation between PV-TEM
and EPD measured threading-dislocation densities is very good except for the
measurement from sample 9A10. The EPD measurement of threading-dislocation density
in sample 9A10 is much lower than that measured by PV-TEM. This is also evident in the
EPD/TEM ratio reported in Tables 3.1 and 3.2. Compared to other samples reported in
Tables 3.1 and 3.2, the EPD/TEM ratio for sample 9A10 is much lower. This discrepancy
can be attributed to some unrevealed threading-dislocations in EPD pictures of sample
9A10. The EPD/TEM ratio for sample 6A is higher compared to those of other samples in
Tables 3.1 and 3.2. This is due to the fact that AFM is used to image sample 6A as the

resolution of optical microscopy is insufficient to reveal those etch-pits.
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Figure 3.7: Correlation between threading-dislocation densities measured by EPD and
plan-view TEM. The correlation between measurements by EPD and TEM is very good
except for the measurement of sample 9A10.
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The EPD/TEM ratio can be attributed to the resolution limit of the optical microscope. If
two etch-pits overlap each other, it become difficult to resolve individual pits. The
modeling of EPD/TEM ratio considering the overlapping can be estimated by a statistical

model proposed by Stirland and co-workers[173].

2
EPD_ [1- exp(—TcNdr )]
Ny 7'cNdr2

(3.4)

N, is the threading-dislocation density which in our case is the density measured by TEM.
r is the “etching resolution” parameter defined as the closest distance at which two similar
etch-pits can be distinguished. Using data reported in Tables 3.1, 3.2 and 3.3 and Equation
3.4, we estimated that the “etching resolution” of our EPD technique is about 0.6~1 um

which is very close to what can be estimated from Figure 3.6.

Figure 3.7 shows that the accuracy of threading-dislocation density measured by EPD is
sufficient at densities in the low 107 cm™ range. In this range, EPD also provides a larger
sampling area compared to TEM. For samples with lower dislocation densities, it is
therefore reasonable to measure the dislocation density by EPD. However, in some cases
this can bring disaster. For example, Figure 3.8 shows an EPD picture of sample 6A taken
by an optical microscope. From plan-view TEM study, we know that this sample has a
threading-dislocation density of about 10° cm™. Lacking the required resolution, the
density of etch-pits in optical microscope picture (Figure 3.8) is 8 x 103 cm2. However,
there is a huge amount of small features in the background. Using AFM, these features
show up as etch-pits. The density of etch-pits revealed by AFM is about 10° cm™2.

Therefore, it is important to check the dislocation-density measurements carefully.

Discussion in this section suggests the use of TEM for measurements when dislocation
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density is high (EPD >4 x 107 cm™) and the use of EPD when the dislocation density is
low (EPD < 3 x 107 cm™). It is always a good idea to check the EPD measurement with
TEM when in doubt. Cases like sample 9A10 can show up sometimes. In cases where
very low densities are measured by EPD, it is important to check the dislocation density
by both AFM and optical microscopy. It is always a good idea to check with TEM before

publication.

1um

Figure 3.8: Picture of sample 6A etched by the EPD etching solution. The picture is taken
using an optical microscope.

79



3.4.6 Selective area growth and the effect of mesa size on threading-dislocation density

In discussion in sections 3.4.1 and 3.4.2, it was suggested that the mechanism for
threading-dislocation density reduction is dislocation glide and annihilation. If these
threading-dislocations can glide under thermal stress, it is possible to further reduce the
threading-dislocation density by gliding threading-dislocations to dislocation sinks. Mesa
side walls are effective dislocation sinks. Reduction of threading-dislocations by gliding

them to mesa sidewalls have been suggested by several research groups [165] [122] [123].

We deposited small Ge mesas on Si by the selective growth of Ge on patterned SiO,/Si
wafers. We then used EPD to estimate the threading-dislocation densities in Ge selectively
grown on patterned SiO,/Si wafers. Figure 3.9 (a) shows the EPDvresult of two selectively
grown Ge mesas after 10 minutes of annealing at Tyy=900°C. The average EPD is
(43+0.2)x 107 cm2, Figure 3.9 (b) shows the EPD result of two selectively grown Ge
mesas cyclically annealed between Ty = 900°C and Ty = 100°C 10 times. The average
EPDis (2.3+0.2)x 10® cm™2. Of particular interest, one of the Ge mesas in Figure 3.9 (b)
is without threading-dislocation. Many threading-dislocation free Ge mesas were found in
our samples. This result was also verified by AFM. The ability of our EPD counting
technique to detect a reduction in threading-dislocation density with increasing number of
annealing cycles validates its effectiveness in resolving etch-pits in selectively grown Ge
mesas. We also studied the dependence of the threading-dislocation density in small Ge
mesas as a function of mesa-sidewall width. The average threading-dislocation density
decreased with the decrease of mesa-sidewall width as shown in Figure 3.10, which is
similar to the prediction of models described by Yamaguchi and Beltz [165] [122].

Experiments described in this section have been repeated and verified four times.
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Figure 3.9: EPD results of Ge selectively grown on patterned SiO,/Si wafers followed by
annealing. (a) EPD picture of a sample annealed at 900°C for 10 min. (b) EPD picture of a
sample cyclically annealed between 900°C and 100°C ten times.
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Figure 3.10: Average EPD vs. width of selective area growth squares.
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3.4.7 Burgers vector analysis

To understand the mechanism for the reduction of threading-dislocations, it is important to
analyze the Burgers vector in the Ge epilayer. This can be done by taking TEM pictures
using two-beam diffraction technique and g - analysis [95] [163] [178] [179]. To assist
the interpretation of TEM pictures taken for the g-» analysis, Figure 3.11 shows the
electron diffraction pattern of a diamond cubic structure when the [110] axis is aligned to

the electron beam.

Figure 3.11: Electron diffraction pattern for a diamond cubic structure when the [110]
axis is aligned to the electron beam.

There are two types of threading-dislocations in systems such as the epitaxial growth of
Ge on Si. The pure-edge dislocations have Burgers vectors of the form ig[IIO] or
13[110] . Using the g - & criterion, these dislocations are invisible at g = +(004) . There is
no resolved shear stress for these pure-edge dislocations under biaxial stress in the (001)
plane [178]. These pure-edge dislocations therefore cannot glide due to thermal stress

caused by thermal mismatch between Ge and Si and are “sessile dislocations”. The 60°
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“mixed” dislocations have Burgers vector of the form i‘%[lOl] , ig[loi], ig[OIT]or
13[011]. Using the g-b criterion, these dislocations are invisible at g= +(111) and
g= #(111). These mixed dislocations can glide under thermal stress and are “glissile

dislocations™.

Figure 3.12 shows the TEM pictures for the Burgers vector analysis of sample 6A. This is
a sample grown at 600°C without post growth annealing. Dislocation A is invisible in
Figure 3.12 (a) (g = [222]). Dislocation B is invisible in Figure 3.12 (b) (g = [222]).
These two dislocations are therefore glissile-dislocations. Dislocation C is invisible in
Figure 3.12 (c) and dislocation D is invisible in Figure 3.12 (d) (g = [004]). These
dislocations are therefore sessile-dislocations. The as-grown Ge on Si, therefore, has a
high density of both sessile and glissile threading-dislocations. Figure 3.13 shows the
TEM pictures for the Burgers vector analysis of sample 6AC. This is a sample grown at
600°C and cyclically annealed between 900°C and 100°C ten times. The dislocations
shown in these pictures look very similar to dislocations shown in Figure 3.2 (b) and
Figure 3.4. Threading-dislocations in annealed samples typically have the same geometry.
These dislocations are invisible at either g = [222] of g = [222] and are therefore
glissile-dislocations. More than ten cross-sectional TEM samples of annealed Ge epilayers
have been examined. All the threading-dislocations observed showed the same behavior.
Since the threading-dislocation density is low in annealed samples, cross-sectional TEM
pictures cannot sample a lot of threading-dislocations. Therefore, we cannot rule out the
existence of sessile threading-dislocations in annealed samples. However, we can
conclude that the threading-dislocations in the annealed samples are mostly glissile
threading-dislocations. In the as-grown samples, there is a high density of both glissile and

sessile threading-dislocations.
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Figure 3.12: Cross-sectional TEM pictures for the Burgers vector analysis of sample 6A.
These pictures are two beam bright field images with five reflecting conditions: (a)
g = [220], (b) ¢ = [222],(c) ¢ = [222],(d) g = [004], () g = [004].
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Figure 3.13: Cross-sectional TEM pictures for the Burgers vector analysis of sample
6AC. These pictures are two beam bright field images with four reflecting conditions: (a)
g = [220], (b) g = [004], (c) g = [222],(d) g = [222].

3.4.8 Mechanism for the reduction of threading-dislocations by cyclic thermal annealing

The mechanism for the reduction of threading-dislocations in Ge grown on Si by cyclic
thermal annealing has been proposed by Yamaguchi and co-workers [119]. They proposed
that the thermal stress between Ge and Si described by equation 3.2 can cause 60°
dislocations to glide. Their TEM examination revealed that 60° (glissile) dislocations were
mainly observed in the as-grown sample while pure-edge (sessile) dislocations were

mainly observed in the annealed samples. They did not explain if they studied
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misfit-dislocations or threading-dislocations. Based on the TEM observation, they
proposed the thermal stress induced dislocation glide and dislocation reaction as the
model for threading-dislocation reduction. This mechanism, however, cannot be easily

justified based on their TEM observation.

As already discussed in section 3.4.7, pure-edge dislocations cannot glide under biaxial
stress due to thermal mismatch between GaAs (or Ge) and Si because there is no resolved
shear stress [178]. Two glissile (60°) dislocations can react and form one pure-edge

(sessile) dislocation according to the following dislocation reaction.

A n7y . AcnT a. .z

—[101]+ z[011] = Z[110 3.5

51011+ 5[011] = Z[110] @9
If reaction 3.5 is the reaction responsible for the reduction of threading-dislocations as

2 cannot be

proposed by Yamaguchi, reduction of density from ~10° cm? to 107 cm
explained easily. This is because equation 3.5 can only provide a 50% reduction in
dislocation density and the product is a sessile pure-edge dislocation that cannot glide.
Both Fitzgerald and Harris have suggested that the reaction described by equation 3.5
produces permanent dislocations that are virtually impossible to eliminate [120] [150]. To
allow the reduction of threading-dislocations, they suggested that reactions described by
equation 3.5 should be avoided. Knall and co-workers have reported a case where
reactions like equation 3.5 dominated the process in GaAs grown on Si after

annealing [179]. They found that very little dislocation reduction could happen under this

condition.

Our experiments with cyclic thermal annealing of Ge grown on Si showed that a reduction

of threading-dislocation density from 10° cm™ to 107 cm? is possible. We have calibrated
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our threading-dislocation density measurements carefully and are very confident with the
experiment. The Burgers vector analysis described in section 3.4.7 clearly demonstrated
that the threading-dislocations in Ge after cyclic thermal annealing are mostly glissile
dislocations. Judging from these facts, reaction 3.5 cannot be the mechanism behind the
reduction of threading-dislocation density. The proposal that sessile pure-edge
dislocations are virtually permanent and cannot be removed is not justified by our
experiment. There must be a mechanism for the removal of sessile pure-edge threading

dislocations.

There are several possible mechanisms for the removal of sessile pure-edge threading
dislocations. One possible explanation is that these sessile threading-dislocations can
climb. If the distance between two sessile threading-dislocations with opposite Burgers
vectors can be reduced by dislocation climb so that annihilation reactions are possible,
reduction of sessile threading-dislocations can happen. The deformation-mechanism map
of the Ge crystal published by Ashby shows that dislocation climb is a possible
deformation-mechanism when the temperature is close to the melting point [180].
However, climb is only possible if there is a resolved shear stress. Since there is no
resolved shear stress on sessile threading-dislocations, it is not likely that these
dislocations can climb. Also, if climb is a possible mechanism for the reduction of sessile
threading-dislocations formed by Equation 3.5, one would expect to find a lot of sessile
threading-dislocations after annealing. This is, however, not the case. All the
threading-dislocations we examined are found to be glissile threading-dislocations. There
must be some mechanism that allows the transformation of sessile threading-dislocations

back into glissile threading-dislocations after the reaction of Equation 3.5.
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One possible mechanism is that a sessile threading-dislocation can split into two glissile

dislocations by the following reaction:

a .= a b1 a - 7

=[110] = z[101]+ z[O11 3.6

S[1101 = 5[1011 +5[011] 66
Reaction described by equation 3.6 is the reverse of equation 3.5. Based on the »° criteria,
this is not an energetically favorable reaction. However, if another reaction can happen

and generate two more glissile dislocations:

a s a s AingT
5[110] = 5[101]+§[011] (3.7)

The combination of Equation 3.6 and 3.7 is

a .7 a.s .
=[110]+ Z[110] = nil (3.8)
2 2
The reaction of Euqation 3.8 is an energetically favorable reaction and can cause a
reduction in threading-dislocation density. If thermal annealing can provide enough
driving force to overcome the energy barrier for Equations 3.6 and 3.7, the removal of
sessile dislocations can be explained. The energy barrier for reactions of Equations 3.6 and
3.7, however, is likely to be very high. The energy per length of a dislocation (E,) can be
described by
2
ub
E,=————— 39
d=4n(1-v) G
where p is the shear modulus, 4 is the magnitude of the Burgers vector, and v is the
Poisson ratio [182]. Using values typical for semiconductors such as Si, Ge and GaAs, the
energy per length of a dislocation is on the order of 10 eV/nm. This is a very high energy

barrier that cannot be overcome easily even at the melting temperature of Ge. An early

calculation of the strength of sessile dislocations by Stroh showed that reaction like

89



Equation 3.6 would only happen under high stress and high temperature [181]. We already
know that there is no resolved shear stress on sessile threading-dislocations. Therefore, it
is unlikely that the reduction of sessile threading-dislocations can be explained by this

mechanism.

A much simpler way to resolve this issue might be to consider a wide range of possible
interactions between threading-dislocations rather than focusing only on reactions
represented by Equation 3.5. Speck and co-workers have considered all the possible
interactions between threading-dislocations in cubic semiconductor
structures [183] [184] [185]. The interaction between sessile and  glissile

threading-dislocations can be described by equations similar to the following:

S[1101+ 510111 = 5[101] (3.10)
Equation 3.10 points out that the product of the interaction between a sessile dislocation
and a glissile dislocation can be a glissile dislocation. This reaction is energetically
favorable under the »” criteria. Compared to the two other mechanisms discussed before,
it is not necessary to have resolve shear stress on sessile threading-dislocations for this
mechanism to work. The reaction of Equation 3.10 does not require the sessile
threading-dislocations to move. Reactions similar to that represented by equation 3.10

provide the best explanation to the removal of sessile threading-dislocations.

To explain why the threading-dislocations in the annealed samples are mostly glissile
threading-dislocations, we need to consider all the reactions among
threading-dislocations. This can be done with the help of Table 1 in reference 183.

According to Speck and co-workers, there are 12 possible Burgers vectors in the cubic
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semiconductor structure. Among the 12, 8 are for glissile dislocations and 4 are for sessile.
There are therefore 144 possible reactions between these different dislocations. The ratio
between the number of reactions that would produce glissile dislocations to the number of
reactions that would produce sessile dislocations is 4.5. This means after reactions
between threading-dislocations, assuming random distribution, the product of the
reactions is 4.5 times more likely to be glissile threading-dislocations than sessile
threading-dislocations. This explains why most of the threading-dislocations in the

annealed samples are glissile-dislocations.

A summary of the mechanism is in order here. According to the discussion in this section,
the reduction of threading-dislocations due to thermal cycling can be explained by the
following. Due to the difference of coefficient of thermal expansion between Ge and Si,
there is a thermal stress on the (001) plane when there is a temperature change. This
thermal stress can be described by Equation 3.2. This thermal stress can push glissile
threading-dislocations to glide. When two glissile threading-dislocations with opposite
Burgers vectors are close to each other, they can annihilate according to reactions similar

to the following:

a T a s .

=[101]1+ =[101] = nil (3.11)

2 2
Reactions between glissile dislocations also can produce sessile dislocations by reactions
similar to that described by Equation 3.5. These sessile dislocations are unlikely to glide
or climb under thermal stress. These sessile dislocations, however, are not permanent
dislocations. A glissile dislocation can react with a sessile dislocation according to
reactions similar to that described by equations 3.10. Reactions 3.5, 3.10 and 3.11 all

result in reduction of threading-dislocations.
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Our explanation of threading-dislocation reduction by thermal stress induced dislocation
glide and reaction suggests the modeling of the process by a “reaction kinetic” approach.
This approach has been used by Yamaguchi and co-workers, Kroemer and co-workers,
and more recently by Speck and co-workers to explain threading-dislocation
reduction [187] [151] [186]. The idea is that any process that promote lateral movement of
threading-dislocations can results in dislocation reactions. Since dislocation reactions

cause reduction in dislocation density, the process can be described by

-+ =-k-p (3.12)
where p is the dislocation density, » is the parameter that results in lateral movement of
dislocations (in our case, number of annealing cycles), and & is the reaction rate constant.
The solution of equation 3.12 can be integrated easily. A comparison of this model with

experimental data presented in this chapter is shown in Figure 3.14.
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Figure 3.14: Comparison of reaction kinetic model for threading-dislocation density
reduction to experimental data.
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Figure 3.14 shows that the prediction of the model does not fit the experimental results.
The rate of threading-dislocation reduction is reduced after the first annealing cycle.
Several explanations are possible here. During cyclic thermal annealing, the stress due to
thermal mismatch pushes the dislocations to move back and forth. Therefore, a dislocation
can only react with dislocations along it’s path. Once these dislocations are gone, there are
no more dislocations for further reaction and the reduction rate decreases. Another
explanation is that threading-dislocations form clusters after annealing. Clusters of
dislocations can be seen clearly in Figure 3.6. These clusters of threading-dislocations are
probably pile-ups of glissile and sessile threading-dislocations that cannot react with each
other. Once these clusters of dislocations are formed, no more reactions between

dislocations are possible.

One last question regarding the mechanism for threading-dislocation reduction is how to
reconcile the difference between experiments presented in this chapter and the work done
on GaAs grown on Si. Report by Knall and co-workers clearly showed that thermal
annealing has little effect in reducing threading-dislocation density in their
experiment [179]. However, there is a large literature suggesting otherwise. We believe
the discrepancy in the literature regarding effect of thermal annealing on the reduction of
threading-dislocations in GaAs grown on Si is due to the fact that GaAs is a compound
semiconductor. While for Ge the annealing temperature is the main factor controlling the
dislocation reduction process, for GaAs there are other factors to consider. For example,
Deppe and co-workers showed that annealing of GaAs/Si at 680°C can be very effective
in reducing threading-dislocations if the annealing atmosphere is ZnAs, [188]. Without
ZnAs,, there is no effect. Tamura and co-workers showed that for GaAs/Si structure, when

annealed in a rapid thermal annealing furnace by putting two wafers front-to-front, only
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annealing at temperatures above 900°C can results in serious reduction in
threading-dislocation density [189]. Takagi and co-workers showed that if one anneals
GaAs/Si structures at 950°C for too long, the threading-dislocation density would actually
increase [190]. They attributed this effect to solution hardening due to Si diffusion from
the substrate into GaAs. Apparently the situation for GaAs/Si system is much more
complicated compared to the Ge/Si system. Judging from the data in the literature, it can
be concluded that thermal annealing is effective in reducing threading-dislocations in
GaAs grown on Si. Nevertheless, it is important to control the temperature, annealing

time, and furnace atmosphere carefully for this system.

3.5 Conclusion

This chapter provided conclusive evidence that high-quality Ge epilayers can be grown
directly on Si without the insertion of a complicated buffer layer structure. It was also
shown that selective area growth of Ge on Si with no threading-dislocations can be done
easily. This provides an opportunity for the integration of high performance Ge
photodiodes on Si. In the next chapter, the potential of high-quality Ge epilayers grown on

Si for the integration of Ge photodiodes on Si is discussed.
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Chapter 4

Ge photodetectors integrated on Si

4.1 Overview and introduction

This chapter discusses the performance of photodetectors made from Ge grown on Si by
epitaxial technology described in Chapter 3. A review of the work related to the
integration of near-infrared photodetectors on Si can be found in Chapter 1 and is
therefore not repeated here. This chapter begins with a discussion of the processing steps
for making Ge photodetectors on Si using Ge epilayers grown by technologies described
in Chapter 3. Three kinds of photodetectors were made: metal-semiconductor-metal
(MSM) photodetectors, Ge/Si heterojunction photodetectors, and p-i-n Ge photodetectors.
The performance of these photodetectors as a function of the materials quality is
discussed. N-i-p Ge photodiodes with responsivity as high as 770 mA/W have been

integrated on Si.

4.2 Experimental procedure

Ge epilayers were grown on Si by the technique described in Section 3.2. In short, the Ge
epilayers were grown on Si using a two-step UHV/CVD process. The
threading-dislocations in the Ge epilayers were reduced by cyclic thermal annealing
between 900°C and 780°C. Threading-dislocation densities were measured by plan-view
transmission electron microscopy (plan-view TEM). A complete report regarding the
effect of cyclic thermal annealing on the reduction of threading-dislocation densities has
Chapter 3. Table 4.1 summarizes the growth parameters and characterization results of

samples used for experiments reported in this chapter.
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Table 4.1: Annealing parameters and characterization results of samples used for
making MSM and Ge/Si heterojunction detectors. Samples were grown by two-step
UHV/CVD process with the first step at 350°C and the second step at 600°C.

Sample ID 6A 6AC5 6AC20
Cyclic annealing temperatures (°C) NA 900/780 900/780
Number of annealing cycles 0 5 20
Threading-dislocation density (cm™) 9.550.4x108 | (27:0.Dx107 | (1.6£0.1)x107
Mobility-lifetime product (cm?/V) 7x10°% 2x107 3x10°

Ge epilayers (lum grown on (001) p-Si, 0.5-2 Q-cm) treated with three different
post-growth annealing treatments (samples 6A, 6ACS5, 6AC20) were used to fabricate
metal-semiconductor-metal (MSM) photodetectors to study the effect of post-growth
annealing on the photodetector performance. MSM photodetectors were made by
lithographic definition of silver metal evaporated onto the Ge epilayers. Figure 4.1 shows
a schematic of the structure of the MSM photodetectors. The spacing between metal
contacts was 10 um. After the metal deposition, no thermal treatments were performed to
avoid inter-diffusion and alloying. Mesa Ge/Si heterojunction diodes with area ranging
from 4 x 10 cm? to 0.1 cm? were also fabricated by photolithography and wet chemical
etching of Ge epilayers. Ohmic contacts were formed by evaporation of contact metal,
photolithagraphy and chemical etching. Figure 4.2 shows a schematic of the structure of
the mesa Ge/Si heterojunction diodes. The Ge epilayers used for mesa diodes were the

same as those used for MSM photodetectors.
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Metal contact

Figure 4.1: Schematic of the MSM photodetectors.

Figure 4.2: Schematic of the mesa Ge/Si heterojunction photodetector.

For the fabrication of p-i-n Ge photodiodes on Si, p-type and n-type Si substrates with
different doping concentrations were used for Ge growth. The substrates were p-type and
n-type Si (100) wafers with resistivities in the range of 0.008-0.02 Q-cm for the heavily
doped substrates and 0.5-2 Q-cm for the lightly doped substrates. Changing the substrate
type and doping concentration has no negative effect on the epitaxial growth of Ge on Si.
The Ge epilayers were grown using epitaxial growth procedure similar to that described in
Chapter 3. After epitaxy, wafers were cyclically annealed between 900°C and 780°C 20
times to reduce threading-dislocations. For the formation of the p-i-n structure, we
introduced dopants in the Ge surface by ion implantation. For p-i-n Ge diodes on n-Si, we

ion implanted the Ge surface with 4 x 101> cm™ of BF, at 30 keV at a tilt of 7°. For n-i-p
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Ge diodes on p-Si, phosphorous was implanted at 30 keV with a dose of 4 x 108 cm2 ata
tilt of 7°. After ion implantation, dopant activation was accomplished by an anneal at
600°C for 5 minutes. Figure 4.3 shows the schematics of the p-i-n Ge photodetector. The
secondary ion mass spectrometry (SIMS) profiles of n-i-p Ge diodes on p*-Si and p-i-n Ge
diodes on n'-Si are shown in Figure 4.4 (a) and (b), respectively. Finally, by
photolithography and wet chemical etching we fabricated mesa structures with areas
ranging from 4x10% cm? to 0.1 cm?. Ohmic contacts were formed by evaporation of

contact metal.

Figure 4.3: Schematics of n-i-p Ge photodiode on p-Si substrate and p-i-n Ge on n-Si
substrate.
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Figure 4.4: SIMS profiles of (a) the Ge n-i-p diode (on p* Si substrate) and (b) the Ge
p-i-n diode (on n* Si substrate).
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4.3 Results and discussion

4.3.1 Effect of threading-dislocation densities on photodetector performance

Mesa Ge/Si heterojunction diodes with area ranging from 4 x 10* to 0.1 cm® were
characterized. Figure 4.5 shows the current-voltage plot of a Ge/Si heterojunction diode
made from sample 6AC20. The devices exhibited well pronounced rectifying
current-voltage characteristics with a saturated reverse current density of about
30 mA/cm? at 1 V at room temperature. Figure 4.6 shows the band-diagram of a Ge/Si
heterojunction diode grown on p-type Si substrate. This band-diagram is calculated using
a one dimensional finite difference simulator [195]. The energy gap difference between Si
and Ge is accounted for by a valence band discontinuity of 0.36 eV and a conduction band
discontinuity of 0.1eV reported by Di Gaspare and co-workers [225]. The band-diagram

and current-voltage characteristic is as expected for this kind of heterojunction [226].
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Figure 4.5: Current-voltage characteristics (positive voltage on Ge) of mesa Ge/Si diodes

made with Ge grown on p-Si treated by 20 post-growth thermal annealing cycles between
900°C and 780°C.
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Figure 4.6: Band-diagram of Ge/Si heterojunction diode grown on p-Si substrate.
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Figure 4.7: Short circuit spectral responsivity of mesa heterojunction photodetectors
made from Ge grown on Si treated with different post-growth annealing treatments. A
responsivity enhancement due to cyclic annealing is clearly demonstrated.
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Figure 4.8: . Responsivity at 1300 nm versus applied bias voltage (positive voltage
applied on Ge) of mesa heterojunction photodetectors made from Ge grown on Si treated
with different post-growth annealing. Annealed samples reach maximum responsivity at
lower bias voltages.

Ge/Si heterojunction diodes made from all three samples showed good photo-response in
the near-infrared as shown in Figure 4.7. Measurements were taken in short circuit with
monochromatic light intensity of 0.1 mW/cm?. The detectors were illuminated through the
Si substrate. A large improvement in the short-circuit photocurrent was measured from the
annealed samples (sample 6ACS5 and 6AC20) with responsivity close to 300 mA/W at
1300 nm as compared to that measured from the as-grown sample (sample 6A). The
photo-response improved when the photodiodes were reverse biased, as shown in Figure
4.8. Both Figures 4.7 and 4.8 demonstrate a remarkable improvement of photo-response
from the as-grown samples (sample 6A) to the annealed samples (sample 6AC5 and
6AC20). The responsivities of the annealed samples reach saturation (i.e. almost complete
collection of the photo-generated carriers) well before the as-grown samples. The

saturated responsivity of the best sample was 550 mA/W at 1300 nm. Assuming Fresnel
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reflection losses of 36% and taking into account the absorption length (1 um), the

calculated internal and external quantum efficiencies were 95% and 52%, respectively.

The response speed of the mesa diode was measured by recording the photo-generated
current by a train of 1320 nm, 100 ps light pulses produced by a Nd:YAG laser
mode-locked at 100 MHz. The devices were biased through a 50 Q resistor and AC
decoupled by a 100 pF capacitor. The trace of a photodiode with a mesa area of
4 x 10* cm? made from a Ge/Si film that was cyclically annealed 20 times (sample
6AC20) measured at a bias voltage of 4V is plotted in Figure 4.9. The measured
capacitance of this photodiode is 9.4 pF. Despite some ringing due to parasitic inductance,
an 850 ps FWHM pulse duration was estimated. The relationship between pulse width
(FWHM) and -3dB frequency assuming a hyperbolic secant? time dependence has been
discussed by Bowers and Burrus(Figure 4.10) [37]. According to Figure 4.10, a 850 ps
FWHM pulse represents a -3dB frequency of about 350 MHz. The pulse width decreased
with the inverse square root of the applied bias. Devices with larger areas showed
proportionally longer response times suggesting that the response speed is limited by the
device capacitance rather than carrier drift time. Decreasing the device capacitance by

reduing the device area should reduce response time and improve the -3dB frequency.
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Figure 4.9: Photocurrent response of a heterojunction photodetector made from Ge grown
on Si followed by 20 annealing cycles (6AC20).
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Figure 4.10: The relationship between pulse width (FWHM) and -3dB frequency
assuming a hyperbolic secant? time dependence.
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To single out the effect of the Ge epilayer quality on the optoelectronic characteristics of
our devices, we fabricated metal-semiconductor-metal (MSM) planar interdigitated
photodetectors. Silver electrodes spaced 10 um apart were defined by standard optical
lithography on a 100 x 500 um region. Contacts were passivated by a photoresist layer.
The MSM devices were illuminated at 1300 nm and the photocurrent was collected as a
function of the bias applied to the structure (Figure 4.11 symbols). A dramatic
improvement in the collection efficiency at low bias is observed after thermal annealing.
The experimental data are well fitted by a simple one-parameter (mobility-lifetime
product) model based on the Hecht formula adapted to a non-uniform field distribution

(Figure 4.11, solid lines) [191] [192] [193]:

Jph = quOLL(E)(l - exp(%)) 4.1)

where J,, is the collected photocurrent, g is the electron charge, @ is the photon flux, o is
the absorption coefficient, E is the electric field, L(E) = utE is the drift length, p is the
carrier mobility, T is the carrier lifetime, and 4 is the distance between electrodes. The
measured mobility-lifetime product is reported in Table 4.1 and compared to the number
of threading-dislocations estimated in different samples. Despite the small number of data
points, a clear correlation among the threading-dislocation density and the

mobility-lifetime product is apparent.
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Figure 4.11: Photocurrent response of MSM devices at 1300 nm versus applied bias
(symbols). The lines are fitted based on the Hecht model [193]. Cyclic thermal annealed
samples reach maximum responsivity at lower bias voltages.

The MSM photodetector was also employed to measure the mobility of free carriers in the
Ge film. The reduction in photocurrent pulse width versus applied bias was recorded in
response to 100 ps light pulses at 1320 nm. Figure 4.12 shows the results from the sample
with 20 annealing cycles (6AC20) at different biases. In the inset, the pulse width is
plotted versus the inverse average electric field. The relationship between the pulse width
and the inverse of the average electric field can be described by equation 2.12 and

equation 2.14.

W1

FWHM o<t o< - 2 (42)

From the slope of the linear fit, a mobility of 3500 cm?/Vs can be inferred. This value
compares well with those reported for undoped Ge with negligible scattering at impurity

sites.
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Figure 4.12: Photocurrent response of MSM devices illuminated by 100 ps pulses at
1.32 um. The photodiodes were fabricated from Ge grown on Si treated by 20 annealing
cycles (6AC20). In the inset, the pulse width dependence on the inverse of the electric
field is plotted: the symbols are experimental data, the solid line is a linear fit. An electron
mobility of 3500 cm?/Vs was estimated from this experiment.

In this section the performance of photodetectors based on epitaxial Ge grown on Si
substrates using UHV/CVD followed by cyclic thermal annealing was discussed. The
beneficial effect of the post-growth thermal annealing on the electrical properties of the
Ge epilayers, due to the reduction of threading-dislocation densities, is confirmed by the

dramatic enhancement of the performance of the photodetectors.

4.3.2 Performance of Ge p-i-n heterojunction photodetector

The purpose of this section is to discuss the effect that Si substrate doping and misfit

dislocations at the Ge/Si interface have on the operation of Ge p-i-n heterojunction
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photodetectors. The Ge/Si heterojunctions can be modeled on the same grounds of the
work of Milnes and co-workers [194] [226]. Based on a series of careful measurements of
the I-V characteristics of Ge/Si heterojunctions, they proposed that the band alignment in
Ge/Si heterojunction-diodes is modified significantly by acceptor-like interface
defect-states in the forbidden gap due to the lattice mismatch between Ge and Si. As a
consequence, both band bending and recombination of excess minority carriers were
expected at the Ge/Si interface. Taking advantage of such physical ansatz, we numerically
solved the pertinent Poisson and continuity equations using a one dimensional finite
difference simulator [195]. According to Di Gaspare and co-workers, the energy gap
difference between Si and Ge can be accounted for by the valence band discontinuity
(0.36 eV) and the conduction band discontinuity (0.1 eV). These are used as the basis for
the description of the band alignment between Ge and Si. The acceptor-like states at the
Ge/Si heterojunction are modeled by the addition of a narrow distribution of p-type
dopants in the charge contribution in the Poisson equation, and by a surface recombination
velocity at the interface for the recombination/generation in the continuity equation.
Thickness and height of the defect distribution were chosen in order to produce a net
charge concentration equivalent to a surface state density of 5 x 1013 cm2. Such a density
is an estimation obtained from the difference in bond density on the free semiconductors
surfaces (AN,): for the Ge/Si (100) case this is approximately equal to 8% of the surface

bond density of Si. The surface recombination velocity (S) due to the defects is

S = ov, AN, 4.3)
where o is the capture cross section and v,, is the thermal velocity. For a typical value for

2

capture cross section of about 101% cm?, we obtain a surface recombination velocity of

about 10° cm/s [196]. The n-i-p structure is formed by a thin heavily doped n*-Ge layer,
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an intrinsic Ge layer (1 um) and a p-Si substrate. The p-i-n structures are formed by a thin

heavily doped p*-Ge layer, an intrinsic Ge layer (1 um) and a n-Si substrate.

Based on the above description, in Figure 4.13 (a) and (b) we plot the calculated
equilibrium band diagrams for Ge/Si heterojunctions on p-Si and n-Si substrates,
respectively. Calculations for two different resistivities (1 and 0.01 Q-cm) are shown for
both p-Si and n-Si substrates. It is apparent (Figure 4.13 (a)) that the built-in electric field
in the Ge film maintains its orientation throughout the film thickness of n-i-p Ge diode on
p-type Si. The situation for p-i-n Ge diode on n-type Si, on the other hand, is quite
different. In this case (Figure 4.13 (b)), a pair of back-to-back diodes is formed due to the

presence of acceptor-like interface states at the Ge/Si heterojunction.
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Figure 4.13: Calculated equilibrium band diagram of Ge/Si p-i-n diodes for (a) n-i-p Ge
diode on p-Si substrates, and (b) p-i-n Ge diode on n-Si substrate. Continuous lines refer
to calculated band diagram for substrates of resistivities of 1 Q-cm. Dashed lines refer to
calculated band diagram for substrates of resistivities of 0.01 Q-cm.
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Especially important is the barrier in the conduction band at the Ge/Si interface which can
significantly affect the optoelectronic characteristics of the device. Comparing Figure 4.13
(a) and (b), we expect free carriers generated in the Ge film (either by thermal generation
or optical excitation) to flow more easily in n-i-p Ge diodes integrated on p-Si than in
p-i-n Ge diodes integrated on n-Si. To select the best substrate/layer combination we
calculated the dark current and responsivity dependence on substrate resistivity and type.
Figure 4.14 (a) and (b) display the calculated dark current at reverse bias of 1 V versus
doping for the case of both p-Si and n-Si substrates. In both cases, a set of curves differing
by the surface recombination velocity used in the calculation is presented to demonstrate
the sensitivity of dark current on surface recombination velocity. As shown in Figure 4.14
(a), the current in n-i-p Ge diodes exhibits almost no dependence on surface
recombination velocity and substrate doping concentration. The behavior of p-i-n devices
is, on the other hand, quite different. Two regions of operation are clearly visible in Figure
4.14 (b). At high Si resistivity, the barrier in the conduction band at the Ge/Si interface
(continuous line in Figure 4.13 (b)) prevents the applied reverse bias to extend into Ge.
This impedes the extraction of the thermally generated carriers. Therefore, the calculated
leakage current density for p-i-n Ge diodes on lightly doped n-Si is low. As the substrate
doping is increased (lower Si substrate resistivities), however, barrier width and height at
the Ge/Si interface are reduced (dashed line in Figure 4.13 (b)), the heterojunction is
readily depleted by the applied voltage, and generation through defect-states (surface

recombination velocity) becomes responsible for the increasing leakage current.
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The simulated responsivity at 1300 nm as a function of substrate resistivity is shown in
Figure 4.15. Again, n-i-p Ge diodes show ideal behavior with an ability to fully collect
photogenerated carriers, regardless the substrate resistivity and applied (reverse) bias
voltage. On the other hand, the barrier at the Si/Ge interface in p-i-n diodes impedes the
collection of photogenerated carriers: in this case, an increase in substrate doping (or a
larger applied bias) helps to reduce the barrier height and increase the responsivity. It is

clear from our simulation that n-i-p diodes are preferred for their better performance.
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Figure 4.15: Calculated 1300 nm responsivity of Ge/Si p-i-n diodes as a function of the
substrate doping.
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For the electronic and optoelectronic characterization of p-i-n Ge diodes on n-Si substrates
and n-i-p Ge diodes on p-Si substrates, we have selected substrate types and doping
according to the analysis discussed above. The goal is to make photodiodes with high
near-infrared responsivities at small reserve bias voltage and low reverse dark currents.
For simplicity, we refer to diodes made on n-Si as n-diode, on n*-Si as n*-diode, on p*-Si
as p*-diode and on p-Si as p-diode. Figure 4.16 shows the measured current-voltage
characteristics of diodes grown on n-type and p-type Si. The diameter of the diodes
reported here is 1.3 mm. All devices exhibited a well-pronounced rectifying response,
with reverse current values and direction dependent on the substrate type (positive voltage
applied to Ge). For p*-diodes, we measured a reverse current density of 20 mA/cm? at a
reverse bias of 1 V. However, from the forward characteristic at 0 V, a reverse current
density lower than 2 mA/cm? can be estimated (Figure 4.16 (a)). This discrepancy is
probably due to surface leakage. This proposal is supported by a study of the leakage
current in Sig75Geg o5 p-n junction diodes by Giovane [5]. In Giovane’s experiment, the
leakage current in mesa isolated Sip75Geg o5 p-n junction diodes passivated by a thin
PECVD SiO, become dominated by surface leakage current when the diode diameter is
less than 3 mm. The threading-dislocation densities in Sip75Geg 5 p-n junction diodes
studied by Giovane are similar to the densities in our Ge diodes. Since our Ge p-i-n
junction diodes are smaller and are not passivated by SiO,, we would expect surface
leakage current to play a major role. The importance of controlling the surface is also
supported by the experiment by Samavedam, where he reported a much reduced leakage
current when mesa Ge p-n junction diodes grown on SiGe graded buffer layers are
passivated by PECVD SiO, [55]. An introduction of a passivation process is expected to

improve the reverse characteristics of p* diodes.
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Figure 4.16: Measured dark current versus voltage for mesa p-i-n Ge/Si diodes grown on:
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reverse current at 1 V is 20 mA/cm?.
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In Figure 4.17 we show the measured 1300 nm responsivities of n-, p-, p*- and n™-diodes.
As expected from the above discussions, the photocurrent is slightly dependent on the
doping level of the substrate for the p-diodes, while it increases significantly with the
substrate conductivity in n-diodes. The responsivity of n*-diodes is comparable to the
responsivity exhibited by the p*-diodes. This does not agree with the simulation presented
in Figure 4.15. However, when the out diffusion of dopant from the substrate (see SIMS
profiles in Figure 4.4) is taken into account, the simulation agrees with our experiment.
Figure 4.18 shows the calculated responsivity at 1300 nm of Ge p-i-n photodiodes
integrated on n-Si substrate as a function of the substrate doping. The out diffusion of
n-type dopants from the n-Si substrate results in much lower barrier at the interface due to
a partial compensation of the defect charges and therefore an improvement in responsivity.
It is worth emphasizing that the photocurrent of the p*-diode saturates to the maximum
value even in short circuit. The slightly larger saturated response of n*-diodes can be
attributed to their thicker intrinsic Ge layer with respect to that of the p*-diode (Figure
4.4). When this difference is taken into account, and assuming an absorption coefficient of
10* cm™! and reflection losses of 36%, an internal collection efficiency of 90% can be
inferred for both the n*-diode and p*-diode. However, despite comparable responsivities
of n*- and p*- diodes, the much lower dark current density of p*- diodes makes them more

attractive.
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1300 nm.
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Figure 4.19 shows the spectral responsivity of a p™-diode in short circuit measured by
exposing to a monochromatic light intensity of 0.1 mW/cm?. The wavelength dependence
of the measurement system has been corrected. Measured responsivities at 1300 nm and
1550 nm are 0.3 A/W and 0.2 A/W, respectively. A further improvement can be expected

as the thickness of the Ge active layer is increased and appropriate antireflection coatings

are adopted.
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Figure 4.19: Measured short circuit spectral responsivity of a mesa p-i-n Ge photodiode
fabricated on p*-type Si.

In order to quantify the photoresponse speed of our p-i-n photodiodes, we recorded the
photocurrent generated by a train of 100 ps light pulses at 1.32 pm produced by a

Nd: YAG laser mode-locked at 100 MHz. The devices were biased through a 50 Q resistor
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and AC decoupled through a 100 pF capacitor. A minimum pulse duration of 800 ps
FWHM was measured with the aid of a sampling scope. This represents a -3dB frequency
of 380 MHz. Since devices with smaller areas exhibited proportionally faster responses,

we can conclude that the speed was limited by the intrinsic capacitance.

4.3.3 Performance of n-i-p Ge (4 um)/p*-Si photodiodes

Discussion in section 4.3.2 pointed out that by increasing Ge thickness and including an
anti-reflection (AR) coating, the responsivity of n-i-p Ge integrated on p*-Si substrates
can be improved. Including an anti-reflection coating enhances the light coupling
efficiency. Increasing the Ge thickness increases the amount of light absorped by Ge and

increases the number of electrons and holes generated by photons in Ge.

In this section, the performance of n-i-p Ge (4 um) on p*-Si is presented. The Ge
thickness is increased to 4 pm to absorp a lot of light. Figure 4.20 shows the responsivity
vs. voltage characteristics of n-i-p Ge (4 um) on p*-Si. Without the AR coating, the
maximum responsivity measured was 550 mA/W, with AR (220 nm of SiO,) coating it
was 770 mA/W at 1300 nm. For these n-i-p diodes with 4 um of Ge, about 0.1 V of
reverse bias is necessary to achieve the maximum responsivity. This indicates that the
built-in electric field is not enough to deplete the whole Ge section and a small voltage is
necessary to collect all the photogenerated carriers. The measured responsivities for these
n-i-p Ge/Si photodiodes are as good as those reported for Ge avalanche photodetectors
operating at a multiplication factor of M~10 made by diffusion of dopants into pure Ge

wafers [197] [198] [199] [200] [201] [202] [203].
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Figure 4.20: Responsivity of n-i-p Ge (4 um) / p*-Si photodiode with and without SiO,
anti-reflection coating.

4.4 Conclusion

This chapter presented evidences that the improvement in Ge epilayer quality due to
cyclic thermal annealing translates to improvement in performance of Ge photodetectors
made on Si. The best performance measured was obtained from an n-i-p Ge/p*Si
photodiodes with responsivity as high as 770 mA/W at a reverse bias voltage of 0.1 V and
wavelength of 1.3 um. This proves that highly efficient Ge photodiodes can be integrated
on Si using technology described in Chapter 3. The two remaining challenges are the

control of surface leakage current and the integration of Si or SizN, waveguides with the
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Ge photodiodes. The control of surface leakage current is discussed in chapter 5. The

integration of Ge photodiodes with waveguides is described in chapter 6.
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Chapter 5

Passivation of Ge epilayer surface

5.1 Overview

This chapter discusses the protection and passivation of Ge epilayers. The reason for
studying the passivation of Ge epilayers is to reduce the surface leakage current. This
chapter starts with a review of the work related to the passivation of Ge. That is followed
by a description of the experimental procedure. The passivation is done by the thermal
oxidation of Si epilayers grown on Ge. The quality of the passivation is characterized by
the capacitance-voltage characteristics of the metal-oxide-semiconductor devices. This
chapter provides evidence that high quality passivation of the Ge surface can be achieved

by the thermal oxidation of Si epilayers grown on Ge.

5.2 Introduction

To achieve large scale integration of Ge photodiodes with Si microelectronics, it is
important to develop technologies for the protection and passivation of a Ge epilayer. The
protection of Ge in Si processing is important because Ge is known to have a very high
etch rate in the SC-1 clean of the RCA clean solutions [204]. Passivation of the Ge surface
is important because surface leakage current can be the dominant source of leakage
current as the size of p-n junction diode becomes smaller [205]. A general discussion of
surface leakage current can be found in the text book by Muller and Kamins [206]. To
reduce surface leakage current, it is important to reduce the density of
generation-recombination sites at the surface, and prevent the formation of
inversion-charge or depletion regions close to the location where the p-n junction meets

the surface dielectric film.
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The passivation of Ge surfaces for the reduction of surface-leakage current in Ge
avalanche photodiodes has been reviewed by Kaneda [203]. The goal of their experiments
was to make sure that the Ge surface is not in inversion at OV. They reported that CVD
SiO, on Ge can produce an interface state density as low as 1012 cm2ev-! and is a good
passivation for p*-n diffused-junction diodes. The measured high-frequency
capacitance-voltage (C-V) characteristics showed significant hysteresis. For n*p
diffused-junction diodes, they proposed the use of a CVD Si3N4/SiO, double-layer
structure [207]. Another proposal for the reduction of surface leakage current in Ge p-n
junction diodes is the oxidation of sputtered Si film on Ge by Chikao and
co-workers [208]. Because the band gap of Si is much higher than that of Ge, they
proposed that the generation current at the interface between SiO, and Si can be much
smaller compared to the interface between SiO, and Ge. They did not report any

experimental results.

A review of the passivation of Ge surfaces, either by the oxidation of Ge or by the
deposition of dielectric materials on Ge, has been published by Meiners and Wieder [209].
These two methods typically do not provide adequate passivation of the Ge surface. A
more effective way to passivate the Ge surface is the method proposed by Vitkavage and
co-workers [210] [211] [212] [213] [214] [215]. In this method, a thin pseudomorphic Si
layer (on the order of 1 nm) is first deposited on Ge at 350°C. Following the Si deposition,
SiO, was deposited at 300°C. Both Si and SiO, were deposited by plasma-enhanced CVD
(PECVD) process. They measured almost ideal C-V characteristics and reported an
interface state density of 3x1019eV-lem™?. This idea has also been applied to the

passivation of GaAs and InGaAs [216] [217] [218] [219] [220]. All these reports
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described methods based on the deposition of a thin pseudomorphic Si layer and the

deposition of SiO, or SizN, film by plasma-enhanced CVD or photon-enhanced CVD.

In Si microelectronic technology, the gate oxide is typically grown by thermal oxidation.
CVD SiO, is usually of lower quality compared to thermal oxide and is usually not used
as a gate oxide. If Ge passivation can be done by thermal oxidation rather than
low-temperature PECVD, the integration of Ge photodiode process with Si CMOS
process can be more flexible. However, it is usually necessary to clean the wafers in RCA
clean solutions before thermal oxidation. The etch-rate of Ge in RCA clean solutions is
quite high [204]. It is therefore necessary to provide a protection layer for the Ge epilayer
if Si wafers coated with Ge epilayers were to be cleaned in RCA clean solutions. One
nanometer of pseudomorphic Si does not provide enough protection of Ge in the RCA
clean bath. In this chapter, we report the passivation of Ge epilayers, grown on Si using
UHV/CVD, by the thermal oxidation of Si (50 nm) epilayers deposited on the Ge

epilayers.

5.3 Experimental procedure

Heavily doped p-type Si wafers (0.008-0.02 Q-cm) were used as substrates for Ge
heteroepitaxy. The growth of the Ge epilayer was done by a procedure similar to that
reported in Chapter 3. After about 1 um of Ge was deposited on Si at 600°C, the GeH,
flow was terminated and the Si layer growth was carried out in-situ immediately by
interrupting the flow of GeH, while commencing the flow of SiH,. The Si deposition
temperature was maintained at about 600°C and 20 sccm of SiH, was flowed for 1 hour.

At the end of this process, about 50 nm of Si was deposited. Because the Si CVD process
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at 600°C is limited by surface reaction, the Si epilayer surface is flat with low
surface-roughness similar to that of the Ge epilayer. After epitaxy, the Si/Ge/p*-Si
structure was cyclically annealed between 900°C and 780°C 10 times. The Si/Ge/p™-Si
structure was then cleaned in the RCA clean solutions. The Si layer can protect the Ge
epilayer in the RCA clean chemistry. The etch rate of Si in the SC-1 clean solution of the
RCA clean, which consists of NH,OH, H,0, and H,O, has been calibrated by
Jackson [221]. After cleaning, the silicon layer was oxidized by thermal oxidation in a
conventional, atmospheric oxidation furnace by flowing dry O, at 850°C for 185 minutes.
At the end of the oxidation process the whole structure was annealed in dry Ar at 850°C
for 30 minutes to reduce fixed oxide charge density. This oxidation process produced

about 21 nm of Si0,.

MOS structures were fabricated by thermally evaporating aluminum through a shadow
mask. The quality of the oxide/semiconductor interface was characterized by measuring
the capacitance-voltage (C-V) characteristics of the MOS structure. The use of p+-Si
substrate ensures that the junction capacitance at the Ge-epilayer/p*-Si-wafer
heterojunction does not affect the C-V characteristics. The back side of the sample is fully
metallized to reduce parasitic capacitance. The C-V measurements were carried out in the
dark and the gate voltage was swept only after a steady-state condition was reached. The
sweep rate was slower than 0.5 V/s. Measurements were done at 1 MHz to 300 Hz and
from room-temperature (300 K) to liquid-nitrogen temperature (77 K). The structure of

the Si0,/Si/Ge interface was studied by cross-sectional TEM and high-resolution TEM.
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5.4 Results and discussion

Figure 5.1 (a) shows a cross-sectional TEM micrograph of a thin Si epilayer grown on Ge
epilayer. This figure demonstrates that the interface between Ge and Si is quite flat. Since
the thickness of the Si layer is much larger than the critical thickness for the introduction
of misfits dislocations in Si grown on Ge, dislocations are visible in the Si layer. Figure
5.1 (b) is a cross-sectional TEM micrograph of the structure shown in Figure 5.1 (a) after
thermal oxidation. The SiO,/Si interface is flat. The interface between the remaining Si
epilayer and Ge, however, is not. There are V-shaped defects at the Si/Ge interface. These
are probably due to the thermal mismatch between Si and Ge. The distinction between Si
and Ge is also not clear. This is probably due to inter-diffusion between Si and Ge at high
temperature. TEM studies at lower magnification showed that the threading-dislocation
density in the Ge epilayer was not reduced by cyclic thermal annealing and thermal

oxidation. The threading-dislocation density remains on the order of 10° cm™.
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Figure 5.1: (a) Cross sectional TEM micrograph of a Si epilayer grown on the Ge
epilayer. (b) Cross sectional TEM micrograph of a Si epilayer grown on Ge, with SiO,
grown by thermal oxidation as the topmost layer.

Although the interface structure between Si and Ge is not perfect, the electrical properties
of the MOS structure is adequate for this application. Figure 5.2 (a) shows the measured
capacitance-voltage (C-V) characteristics. Accumulation, depletion and inversion regimes
are clearly visible. There is no detectable hysteresis in the 1 MHz C-V curve. The
hysteresis is typically thought to be caused by slow interface states on the insulator side of
the interface [216] [213]. The lack of hysteresis in this system could be an indication of
the high quality of the SiO,/Si interface. The difference in the accumulation capacitance

measured at 1 MHz and 500 Hz, however, suggests that there are slow interface states
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close to the valence band edge that cannot follow the 1 MHz measurement signal. These

states might be related to the region within the Si layer between the SiO, layer and Ge.

The characteristic time to form an inversion layer at the surface of an MOS system biased
to inversion is of the order of 2~N,1,/n,, where 1, is the minority carrier lifetime [206]. We
were able to measure inversion capacitance at 500 Hz. This indicates that the minority
carrier lifetime is on the order of 108~107 s. Minority carrier lifetime in this range is
expected for Ge with threading-dislocation density on the order of 10° cm™. The
accumulation capacitance and the inversion capacitance are quite similar. This shows that
there is little oxide leakage current. The flat band voltage for this sample is -2 V. This is
measured from a plot of 1/(C,1f/C,,x)2 as a function of gate-voltage [213]. From the
analysis of depletion capacitance as a function of the bias voltage, the doping

concentration in the Ge epilayer was estimated to be about 1.3 x 107 cm2.
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Figure 5.2: Capacitance-voltage characteristics of Si0O,/Si/Ge/p*-Si structure.
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Figure 5.3: High frequency C-V curve measured at 300K and 77K.

Figure 5.3 shows the high-frequency C-V curve at 1 MHz measured at 300K and 77K.
The accumulation capacitances measured at 300K and 77K are similar. This suggests that
real accumulation has occurred and the Fermi level is not pinned by the

interface [209] [223].

For further analysis, Figure 5.4 compares the C-V curve measured at 1 MHz to the
theoretical C-V curve. The theoretical C-V was calculated assuming perfect interface
between SiO, (21 nm)and Ge (N4 = 1.3 x 107 cm'z) with no insertion of the Si layer. The
flat band voltage of the calculated C-V curve is shifted to the measured value (-2 V). The
measured C-V curve is stretched out along the gate voltage axis. This suggests that the

interface has traps that can respond to dc gate voltage [222].

130



350 prreryer
I ™,
=) 300 L N | Theoretical C-V
& e
@ N
£ [
S 250 \
(2] 3
S
g‘ o
@) [ \ \ Measured at IMHz
3 4
200 \ J <
L
150 aaaalasas

6 5 4 3 2 1 0 1 2 3 4 5 6
Voltage (V)

Figure 5.4: Comparison of measured C-V curve (1 MHz) and calculated C-V curve.
To estimate the interface state density, we applied Berglund’s method and used

D. = Cox le/cox B Chf/cox 5.1)

where D, is the interface state density, C

is the oxide capacitance, Cy 1s the

ox

low-frequency capacitance and C,, is the high-frequency capacitance. The surface

potential (¢4 )is calculated by

Vo2 C
o= J. ( ldeVG (52)

where V., is the flat-band voltage, and v is the gate-voltage.
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Figure 5.5 shows the measured interface state density as a function of surface potential.
Berglund’s method is used instead of Terman’s method because Terman’s method requires
the comparison of the measured and theoretically calculated C-V curve. The Si layer
between SiO, and Ge makes the accurate calculation of the theoretical C-V curve difficult.
Berglund’s method, on the other hand, allows the estimation of interface state density
using only the measured capacitances without further assumption. The sample that
received cyclic thermal annealing has a lower interface state density compared to the
sample that did not receive cyclic thermal annealing. The lowest interface state density
measured is about 4 x 1011 cm2eV-L. This is quite low considering the fact that the thin Si
layer between Ge and SiO, is quite defective. The calculated surface potential range is
about 0.7 eV. This is quite large considering that the Ge band gap is 0.66 ¢V at room
temperature. Nevertheless, it is clear that the Fermi level can swing from the Ge valence

band edge to the Ge conduction band edge.

In chapter 4, it was suggested that the interface between Ge and Si has acceptor-like
interface states. These interface states at the Ge/Si interface can pin the Fermi level to the
valence band. Figure 5.5, on the other hand, clearly shows that the Fermi level can be
swept from the valence band all the way to the conduction band in the presence of Si/Ge
interface. An explanation to this contradiction might be that the Ge/Si interface studied in
Chapter 4 is decorated by oxygen and carbon. Oxygen and carbon contamination at the
epi/wafer interface is typical and has been confirmed by SIMS profiling for our samples.
Different from the epi/wafer interface, the Si-epi/Ge-epi interface is not contaminated by
oxygen and carbon. This is because the Si layer is grown in-situ in the UHV/CVD

chamber. The fact that the misfit dislocations at the Si-epi/Ge-epi interface are not
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decorated by oxygen and carbon might be the reason why the pinning effect reported in

chapter 4 is not seen in the MOS structures reported here.
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Figure 5.5: Measured interface state density as a function of surface potential.

It is important to determine whether this technology for the protection and passivation of
Ge epilayers is useful. From the TEM pictures, we know that the Si layer was effective in
protecting the Ge epilayer. This definitely shows that the in-situ grown Si can improve the
stability of the system and protect Ge in the RCA clean solutions. The C-V characteristics
of the MOS devices shows that the surface potential can be swept from the conduction
band to the valence band. This clearly demonstrates that the SiO,/Si interface is of high
quality. Surface leakage current reduction using the gated-diode structure can certainly be
applied [205]. The flat-band voltage can be shifted by using metals other than Al for

contacts on the SiO, and therefore avoid the inversion charge at 0 bias voltage. The major
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disadvantage of the procedure described in this chapter is that the ability for the reduction
of threading-dislocation density by cyclic thermal annealing is lost when the Ge surface is
covered by Si. The reason for the high threading-dislocation density left after annealing in
the case with Si epilayer on Ge, as compared to the experiment discussed in Chapter 3
where there is no Si epilayer, can be explained by the blocking of dislocation movement
by the surface Si epilayer. To solve this problem, it might be necessary to carry out in-situ

cyclic thermal annealing before the deposition of Si.

The lowest interface state density reported in this chapter is 4x10'! cm?2eV-!L. From the
low hysteresis of the C-V curve, we know that the SiO,/Si interface state density is low. It
is therefore, reasonable to suggest that extra interface states are due to the defects in the Si
layer and the Si-epi/Ge-epi interface. To further reduce the interface state density, it might
be necessary to reduce the defects in the Si layer. This can be done by calibrating the
oxidation rate and reduce the Si layer thickness to below the critical thickness by
oxidizing much of the Si layer. To prevent the V-shape defects, low temperature oxidation

at the Si growth temperature might be necessary.

5.5 Conclusion

This chapter presented evidence that a high quality passivation of Ge can be done by the
thermal oxidation of an Si epilayer grown in-situ on Ge. Interface state density as low as
4x10M ¢cm?2eV! was achieved and the surface potential can be swept from the valence

band to the conduction band.
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Chapter 6

Summary and future work

6.1 Summary of thesis

This thesis presents conclusive evidence that thermal annealing can reduce
threading-dislocation density in Ge grown directly on Si, and hat thermal annealing of
small Ge mesas selectively grown on Si can provide virtually perfect Ge material on Si.
This work demonstrates that it is possible to measure threading-dislocation density by
both plan-view TEM and EPD techniques. The reduction of threading-dislocations can be
attributed to the thermal stress induced dislocation glide and annihilation.
Threading-dislocations related to the pure-edge dislocations (sessile dislocations) that
were thought to be permanent dislocations were found to be removable. This thesis also
presents conclusive evidence that high performance Ge photodiodes can be integrated on
Si using direct epitaxial growth. The beneficial effect of the thermal annealing process on
the performance of Ge photodiodes is clearly demonstrated. As a first step towards the
integration of Ge photodiodes with Si microelectronic technology, thesis provides
evidence that the passivation of Ge epilayer can be accomplished by the thermal oxidation
of Si epilayers grown on Ge. This Si epilayer on Ge provides adequate protection of Ge in

Si wafer cleaning chemistry.

6.2 Future Work

This thesis provided the basic materials technology for the direct integration of Ge
photodetectors on Si. While there are many interesting topics related to the study of

defects in Ge, the focus of future work should be on the development of a fully integrated
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photodetector receiver for Si microphotonics. The main challenge is to design a process
for the integration of Si or Si3N, waveguides with Ge photodiodes and Si
microelectronics. Focusing on the Ge photodiodes, the goals are to have integrated
photodiodes with high quantum efficiency, high speed, low leakage current, high
reliability and high Si microelectronic process compatibility. Here are some suggestions
on how to accomplish these goals:

1. Materials Design: Ge with almost zero threading-dislocation density can be
integrated on Si by the combination of selective area growth and cyclic thermal annealing.
The limit of this process, however, is that the selectively grown Ge square mesas need to
be on the order of 10 um in width. For some applications, this might be too small. The
solution to this challenge is simple. Since dislocations glide along the <110> directions, it
is only necessary to have the distance between mesa sidewalls short along the <110>

directions as shown in Figure 6.1 .

<010>

\ 4

<100>

Figure 6.1: Geometry for the reduction of threading-dislocations by gliding to mesa
sidewalls.
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Another challenge is related to the melting temperature of Ge and the annealing
temperature necessary for threading-dislocation reduction. The melting temperature of Ge
is 939°C. This is lower than some processing temperatures in current Si CMOS
technology. A solution to this challenge is to add a small fraction of Si into Ge to increase
the melting temperature. The limit of this solution is the reduction in the absorption
coefficient with the addition of Si. The limit of annealing temperature requires some more
experiments. Based on experiments presented in this thesis, it should be possible to reduce

threading-dislocations by annealing at temperature as low as 850°C.

2. Process Compatibility: The key characteristics of current Si CMOS technology
is its planar structure. Using planar structure allows the high density integration of
transistors, many layers of metal interconnects and the possibility of three dimensional
integration. It is desirable to integrate Ge photodiodes with Si CMOS technology using
processes that preserves the planar structure. Selective epitaxial growth of Ge is a good
start. Planarization processes should be researched to take full advantage of the planar

integration scheme.

3. Optical Design: To have highly efficient Ge photodiodes, it is important to
improve the optical coupling efficiency. In Si microphotonic systems, this means that we
want to couple as much optical power from the waveguide into the Ge photodiode as
possible. The coupling of optical power between waveguide and photodiodes for the Si
microphotonic systems has been discussed by Desmond Lim in his PhD thesis to some
extent [60]. Considering the process capability of typical thin film deposition processes,

vertical coupling is much easier than butt coupling. To preserve planar geometry using
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vertical coupling, two structures are possible. Vertical coupling with Ge photodiode on top

of the Si waveguide is shown in Figure 6.2.

Si0,

| Light / \ A Ge

> \/ N Si Waveguide

Si0,

Figure 6.2: Vertical coupling of Ge photodlode with Si waveguide. Ge photodiode is on
top of the Si waveguide.

The geometry shown in Figure 6.2 allows high-efficiency optical coupling between Si
waveguide and Ge photodiode. This is because the index difference at the SiO,/Si and
SiO,/Ge interface helps the reflection and therefore allows the light to be guided in the Ge
and Si layers. Planarity of the structure can be maintained by depositing a thick SiO; on
top of Ge and polishing the SiO, layer. However, to allow the single crystal growth of Ge,
Si-on-insulator (SOI) wafers are necessary. The thickness of Ge has to be about 1 um for
the thermal annealing process to be effective in reducing threading-dislocation density. It

is not clear if this is acceptable for integration with Si CMOS process.

One way to get around this limit is to have the waveguide on top of the Ge photodiode as

shown in Figure 6.3. This is similar to the structure described in Figure 2.2.
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Light ~ Si or Si;N, Waveguide
SiO, Ge %
Si

Figure 6.3: Vertical coupling of a Ge photodiode with Si or SizN, waveguide. Ge
photodiode is under the waveguide.

The advantage of the structure shown in Figure 6.3 is that it preserves the planar structure
on the wafer surface. Both Si or SizN, waveguide can be used in this geometry.
Simulation shows that when light is coupled into the Ge photodetector, the light travels at
about 45 degree angle. This increases the absorption length by a factor of the square root
of two. With 1 wm of Ge and an absorption coefficient of 10* cm™!, 75% of the light can be
absorped. With 2 um of Ge, 94% of the light can be absorped. If the absorption coefficient

1 a5 in the case of Ge at the wavelength of 1550 nm, it is necessary to

is lower than 104 cm™
improve optical coupling efficiency. To further enhance the optical coupling efficiency, an
SOI wafer can be used. This would provide a thin SiO, layer under the Ge photodiode and
reflect light back into the Ge photodiode. The use of SOI wafer, of course, adds to the

compexity of the process.

4. Device Design: An efficient photodiode should have a high carrier collection

efficiency at relatively small bias voltage. To achieve high carrier collection efficiency,
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design of the doping profile in the photodiode is important. Figure 6.4 shows the design of
a vertical p-i-n Ge photodiode integrated with a SizN, waveguide. The advantage of this
structure is that it is possible to grow the p-i-n structure by in-situ doping. If diffused (or
implanted) junction is more desirable, this vertical structure needs only one diffusion (or
implantation) step. The disadvantage is that the contact to the p*-Si needs a via through
the SiO, layer on the side. If this is not done correctly, the series resistance can be high
and results in high RC delay. In-situ Boron doping is known to degrade the selectivity of

Ge growth on SiO,. Some CVD studies might be necessary to resolve this issue.

p-Ge

pt-Ge

p*-Si

Figure 6.4: Design of a vertical p-i-n Ge photodiode grown on Si integrated with a Si3Ny
waveguide.

Another possible structure is the lateral p-i-n structure shown in Figure 6.5. This structure
is similar to the structure shown in Figure 2.2 The advantage of this structure is that the
structure is similar to MOSFET. Both contacts to the p*-Ge and n*-Ge can be formed from
the top. The lateral p-i-n structures have much smaller junction capacitance compared to
the vertical p-i-n structure. The disadvantage is that two diffusion (or implantation) steps

are needed.
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—

p-Si

Figure 6.5: Design of a lateral p-i-n Ge photodiode grown on Si integrated with a SizNy
waveguide.

To collect all the carriers and achieve high speed operation, it is important to have the
depletion region covering the whole Ge epilayer. This can be done by making sure that the
lightly doped p-Ge region has low enough doping concentration. Figure 6.6 shows the
calculated depletion width of an n*-p diode. If the doping concentration in the lightly
doped region can be kept below 1 x 1016 cm™3, it should be possible to deplete 1 wm of Ge

with a small reverse bias voltage and therefore ensure a fast and efficient photodiode.
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Depletion Width (um)

"o 1 2 3 5
Reverse Bias Voltage (V)

Figure 6.6: Depletion width of an n*-p Ge diode as a function of voltage and doping
concentration,
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