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ABSTRACT

The objective of this work is to establish a novel method to reduce threading dislocation densities (TDDs)
in epitaxially grown germanium (Ge) layers on silicon (Si) for light-emitting device applications. This
dissertation describes a proposal of novel TDD reduction model, numerical calculations of TDD reduction,
experimental verifications for TDD reduction, direct observations of threading dislocations (TDs) by

transmission electron microscopy (TEM), and a feasibility study for light-emitting device applications.

Silicon photonics has been considered as a promising technology to enable high-speed, large-capacity,
and low-cost communication networks. For the practical applications of silicon photonics technology, the
development of on-chip light sources has been one of the most important challenges fundamentally because
of the indirect band structure of Si. As a candidate for on-chip light source material, tensile-strained n-type
Ge was theoretically proposed in 2007, and first Ge laser diode (LD) was reported in 2012. Ge can emit
(and detect) light around 1.55 pm, corresponding to optical communication wavelength, and is compatible
with Si complementary metal oxide semiconductor processing. However, previously reported Ge LDs have
shown substantially large threshold current densities Jy,; almost two orders of magnitude larger than the
theoretical prediction.

The major causes of the large J;, are considered as non-radiative recombination (NRR) at Ge surfaces
and defect-assisted NRR in Ge layers. In the case for Ge epitaxial layers on Si, misfit dislocations are
formed on Ge/Si hetero-interfaces, and threading dislocations (TDs) are formed in Ge epitaxial layers
owing to lattice-mismatch between Ge and Si as large as 4.2 %. In the beginning of this dissertation, it is
confirmed that NRR at Ge surfaces is suppressed by thermal oxidation, and then TDD reduction is required
for Ge light-emitting device applications. Because of large lattice-mismatch between Ge and Si, the density
of TDs in Ge on Si is as high as 10° cm™2. Although many methods have been attempted to reduce TDD
in Ge epitaxial layers on Si, the previous methods have drawbacks for light-emitting device applications in
terms of dopant out-diffusion and/or optical confinement in Ge. Thus, a novel TDD reduction method is
required for light-emitting device applications, i.e., to reduce J;, in Ge LDs.
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A novel method for TDD reduction is proposed employing image force and selective epitaxial growth
(SEG) technique. Image force is an attractive force between dislocations and free surfaces. Since epitaxial
growth of Ge occurs on Si, but not on SiO;, SiO, can be a mask material to form finite Ge epitaxial layers
on Si, which is Ge SEG technique. The novel method is free from the drawbacks in previous attempts.

A theoretical model for the novel TD reduction method is proposed and numerical calculations are
performed. The TDD reduction occurs as following steps:

(1) TDs are bent to be normal to growth surfaces owing to image force,

(2) bent TDs penetrate to bottom Ge/Si interfaces as Ge SEG proceeds, and

(3) some TDs are terminated to the bottom Ge/Si interfaces when SEG Ge layers coalesce each other,
resulting in reduction of TDD observed on the top Ge surface.

The numerical calculations show that the rate of TDs terminated to the bottom Ge/Si interfaces is
determined by aperture ratio of SEG mask, i.e., the rate of Ge growth area. The numerical calculations
reveal that TDD reduction by a factor of 1/100 is achievable where aperture ratio is as small as 0.1.

Experimental verification of the theoretical model is carried out in 3 steps.

First, Ge growth in lateral direction over SiO, masks is investigated by cross-sectional scanning electron
microscopy (SEM) observations. It is found the growth rate of Ge in lateral direction depends on the width
of Ge growth area, which indicate that the Ge growth in lateral direction is dominated by the Ge facets of
the slowest growth rate; {113} facets. As a result, it is found that SEG Ge layers coalesce when both the
width of Ge growth area and the width of SiO, masks are narrow enough, finally forming flat-top films
(coalesced Ge).

Then, experimental verification of TDD reduction is performed employing etch pit density (EPD)
measurement method. It is revealed that TDD in coalesced Ge is reduced as theoretically predicted. In
addition to the reduction of TDD, distribution of TDs penetrating to the top surface well reproduces the
theoretical model. TDD as low as 4 x 107 cm™2 is obtained in coalesced Ge, where aperture ratio is 0.6.
This TDD is two orders of magnitude lower than that in ordinary Ge epitaxial layers on Si.

Finally, TEM observations are performed to observe TDs in coalesced Ge. Cross-sectional TEM
observations reveal that the termination of TDs at bottom surfaces actually occurs in coalesced Ge as
predicted. Plan-view TEM observations directly show that TDD in coalesced Ge is lower than that in
blanket Ge. Not only the behavior of TDs predicted by the theoretical model, cross-sectional TEM
observations reveal that generation of TDs in coalesced Ge, and plan-view TEM observations reveal that
there are TDs inclined to be parallel to SiO, masks in coalesced Ge. Both unpredicted behaviors of TDs
are, however, understandable considering image force and slight misorientation among SEG Ge layers.

For a feasibility study to light-emitting device applications, tensile strain and n-type doping in coalesced
Ge are investigated. Tensile strain is induced in coalesced Ge owing to thermal expansion mismatch between
Ge and Si. N-type doping in coalesced Ge is performed by thermal diffusion of phosphorus (P). Both
tensile strain and n-type doping level are enough for light-emitting device applications. In addition to
that, simulation of optical propagation mode in coalesced Ge reveals that coalesced Ge has advantage over
conventional structure in terms of less light intensity at defect-rich Ge/Si hetero-interfaces.

At the last part of this dissertation, light emission from coalesced Ge layers are observed by photo-
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luminescence (PL) measurements and optical pumping measurements. PL. measurements are carried out
before and after the P thermal diffusion. PL measurements before the diffusion suggests that there are
NRR centers in coalesced Ge, which is not TDs, and the NRR centers are removed during the P diffusion
process.

Fabry-pérot (FP) resonators are fabricated using the coalesced Ge layers, and optical pumping mea-
surements are carried out on the FP resonators. Threshold-like behaviors are observed with the threshold
power density of 18 kW/cm?. The observed threshold-like point is smaller than reported threshold in an
optically pumped Ge laser, although it is still not due to laser operation because resonance-induced sharp
peak is not observed. Since amplified spontaneous emission (ASE) also shows similar threshold behavior,
the observed threshold-like behavior would be ascribed to ASE. Nevertheless, reduction of threshold-like
point for ASE is observed in coalesced Ge, indicating that coalesced Ge layers are better than blanket Ge
layers in terms of light-emitting device applications.

In summary, a novel method to reduce dislocations in Ge epitaxial layers on Si is theoretically proposed
and experimentally verified. A feasibility study for light-emitting device applications show a promising
result, i.e., enhancement of ASE compared to conventional Ge epitaxial layer on Si. Further reduction of
TDD and laser operation is expecting employing the method proposed and verified in this dissertation.
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1 Introduction

Optical communication has played an essential role in information society since
the birth of optical fiber in the 1960s. Optical communication has advantages
over electrical communication in terms of data capacity, power consumption, RF
interference, and safety, which have enabled today’s wide spread long-haul commu-
nication via optical fiber, such as FTTH (Fiber-To-The-Home). In order to satisfy
recent increasing demand for communication capacity, however, much shorter-
distance optical communication is required, e.g., inside a data center, a mother
board, and even a chip. The shorter-distance optical communication requires more
mature technique for the integration of photonics and electronics, and silicon pho-
tonics is a promising candidate to realize integrated photonics. In this chapter,
brief introductions of silicon photonics and on-chip light-emitting devices, one of
the most important challenges for silicon photonics, are described.

1.1 Silicon Photonics

Silicon (Si) photonics has been developed as a technology to integrate photonic and electronic
devices on a Si substrate employing Si CMOS (complementary metal oxide semiconductor)
processing. Si photonics has an advantage in terms of fabrication cost because Si CMOS
processing is much lower-cost than wafer bonding or off-chip integration, which have been
required for the integration of III-V materials-based photonic devices with electronic cir-
cuits. Therefore, Si photonics enables low-cost fabrication of optical devices such as optical
transceivers, active optical cables, multiplexers and attenuators on a Si substrate, which has
been becoming more important in the shorter-distance optical communication. The advantage
of Si photonics in terms of low-cost fabrication has brought expansion of the market size of Si
photonics-related products since its emerging around 2010 (Fig. 1.1). As summarized in Fig.
1.1, it is predicted that the Si photonics market size will grow 20-30 % per annum, and reach
several thousands of million dollars, by several companies [1-3]. These predictions shows



4000 T T T T T
. . A
3500 }+ -®-LightCounting [1] ]
-&-Yole Dévelopment [2]
3000 ‘ .
= -X-BIS RESEARCH [3] ;
22500 | o .
£ &
2000 | N /A 1
) .’ ’
% 1500 | k/x 1
%) A
1000 | X J i
500 xR A7 -
o ¥ aA
0o Llo—o-0 8 . . . .
2010 2013 2016 2019 2022 2025
Year

Figure 1.1: Predictions for the market size of Si photonics-related products

great expectation to Si photonics technology from market.

Another important application of Si photonics is the on-chip integration with electronic
circuits for faster data processing. The performance of Si CMOS integrated circuit (IC)
processors has been improved by increasing the number of transistors on an IC chip; so-called
Moore’s Law. The highly-dense integration of transistors results in, however, severe heat
dissipation and RC delay, and thus the improvement of the performance of IC chips has been
reaching its physical limit [4]. In order to solve these issues, the integration of photonic circuits
with electronic circuits has been investigated; electronic-photonic IC (EPIC) [5]. Electronic
circuits play a role in data processing part, and photonic circuits in data transmission part
on EPIC (schematically shown in Fig. 1.2). Si photonics is a promising candidate for the
photonics part of EPIC owing to its compatibility with Si CMOS process, which enables
low-cost fabrication.

Photonic circuits require photonic devices such as waveguides (WGs), (de)multiplexer
(MUX/DEMUX), photodetectors (PDs), modulators (MODs) and laser diodes (LDs). WGs
and MUX/DEMUX have been reported on Si photonics platform employing Si and/or its
compounds such as SiO,, SiN,, and SiO,N,, because they are transparent in optical commu-
nication wavelength (1.3—1.6 um). Photodetectors, modulators and lasers have been important
challenges for Si photonics because Si and its compounds cannot absorb/emit light of 1.3—1.6
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Figure 1.2: A schematic illustration of EPIC on a Si substrate

pm. Si-based MODs have been reported employing Mach-Zehnder interferometer, while
their large footprint (typically as large as mm? [6]) is not preferable for on-chip integration.
For on-chip PDs and MODs, Ge-based devices have been intensively studied because Ge has
its direct bandgap at 0.8 eV, which is corresponding to wavelength of 1.55 um, and absorbs
light in optical communication band.

High performance PDs and MODs have been achieved employing Ge epitaxial layers on Si,
in terms of high-responsivity, low-dark current and high-speed operation [7-25]. Although
there is still rooms for improvement, PDs and MODs can be said that they are ready for
practical application. On-chip LDs are, however, still far away from practical application.
The fundamental problem is that Si and Ge are indirect bandgap materials, i.e., not suitable
for laser material. Direct bandgap III-V materials are, however, not compatible with Si CMOS
process. Therefore, the investigation for on-chip lasers is one of the biggest challenge for Si
photonics.

1.2 Status Quo of Light-Emitting Devices on Si

Toward on-chip lasers, many attempts have been investigated such as Si and SiGe nanostruc-
tures, GeSn alloy, III-V on Si, and tensile-strained n-type Ge. Each method has pros and cons,
as described following:

* Si and SiGe nanostructures had been intensively studied around 1990s-2000s [26—
28]. Several-nm sized structure enables quantum confinement of excitons in Si or
SiGe, resulting in improvement of light emission. Although the nanostructures have



successfully demonstrated an optical gain, they have had a difficulty in carrier injection
because the nanostructures need to be buried in SiO;.

* Erbium(Er)-doped Si has also been investigated as a gain medium [29-31]. Doped Er
emits light of 1.54 ym, which has been employed in optical fiber amplifiers [32,33]. Eris
doped in Si for on-chip application; in order to inject carrier electrically. Although light
emitting diodes (LEDs) and optical gain have been demonstrated employing Er-doped
Si, practicable laser have not been reported probably because Si is not a good host for
Er or rare elements, as briefly mentioned in Ref. [34].

* Among Si CMOS compatible materials, i.e., group-IV materials, GeSn is a direct
bandgap material. Electrically pumped lasers have been successfully demonstrated
employing GeSn, but their emission wavelength are around 2-3 um depending on the
composition of Sn [35-37]. Such long wavelength emission is suitable for mid-IR
application such as sensing, but not suitable for optical communication.

* The attempts above are to derive light from Si-based materials. Challenges from another
direction has been attempted, i.e., to integrate direct bandgap III-V materials on Si.
Electrically pumped InAs/InGaAs lasers on Si have been recently reported employing
Si wafers patterned in V-groove [38,39]. The InAs/InGaAs lasers show low threshold
current density (J;; ~1 kA/cmz) and stable operation, while their emission wavelength
is shorter than 1.3 um and they require several-um-thick buffer layers, which are not
appropriate for on-chip application.

* Tensile-strained n-type Ge, main target of this study, is one of the most promising
candidates for on-chip lasers. Ge is naturally indirect bandgap material as mentioned
above, indicating that Ge cannot be a laser material. Nevertheless, it was predicted and
demonstrated that Ge can be a laser material operating at 1.6 um under heavily n-type
doping and moderate tensile strain [40—44]. More details and issues will be described
in the next section.

The drawbacks and typical J;j, of the attempts are summarized in Table 1.1.

1.3 Ge as a Gain Medium on Si

Although Ge is naturally an indirect bandgap material, the energy difference between indirect
bandgap (I'-L; 0.66 eV) and direct bandgap (I'-T"; 0.80 eV) is small enough to be overcome
by applicable band engineering, i.e., n-type doping and tensile strain as schematically shown
in Fig. 1.3. Both I'-I" and I'-L bandgaps shrink as tensile strain is induced, where shrinkage
of I'-T" is more than I'-L, resulting in reduction of energy gap between I'-valley and L-valley.
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Table 1.1: Reported attempts for on-chip LDs

Method Drawback(s) Typical Jyj, References
Si and SiGe nanostructure Difficulty in electrical injection NA [26-28]
Er-doped Si Problem in host material? NA [29-31]
GeSn Operation in mid-IR range 68-325 kA/cm? [35-37]
III-V on Si Compatibility with CMOS processing ~1 kA/em? [38,39]
Tensile-strained n-type Ge Large J; 280-510 kA/cm? [40-44]

L-valley in conduction band is filled as the result of n-type doping. Brief literature survey
and fundamental calculations are described following in this section.

1.3.1 Strain-Induced Bandgap Engineering

Tensile strain of 0.1-0.2 % is naturally induced in Ge-on-Si when Ge-on-Si is cooled down
from growth temperature (normally 500-700 °C) to room temperature. The tensile strain is
ascribed to the difference of thermal expansion coefficients between Ge and Si, and results
in shrinkage of Ge bandgap [45]. The effect of strain on band structure is calculated by k-p
perturbation method. Calculated bandgap (I'-L and I'-I") is shown in Fig. 1.4 as a function
of biaxial strain in <110> and <110> direction.

Grown-in tensile strain (0.1-0.2 %) induce shrinkage for both I'-L and I'-I', but the
shrinkage is more effective to I'-LL than I'-I". Under 0.2 % tensile strain, for instance, I'—
L shrinks for 0.017 €V, while I'-I" shrinks for 0.032 eV. Thus, tensile-strained Ge is more
direct-like than unstrained Ge. Figure 1.4 also shows that Ge will be direct bandgap when
tensile strain of ~1.8 % is induced. Under such strong tensile strain, however, direct bandgap
becomes as small as 0.5 €V, resulting in emission wavelength longer than 2 ym [46]. In order
to derive light emission around 1.6 um, no intentional strain is induced except for grown-in
tensile strain.

1.3.2 N-Type Doping for Ge to be Pseudo-Direct Bandgap

N-type doping in Ge provides carriers to the conduction band filling the gap between L-valley
and I'-valley, i.e., resulting in elevation of Fermi energy E¢. Ge, naturally indirect bandgap
material, can be a pseudo-direct bandgap material when Ef reaches the I valley. The Fermi
energy level & can be calculated using following equation,

¢ = E +kTin"- (1.1)

n;
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Figure 1.3: Schematic illustrations of band engineering of Ge through tensile strain application and n-type
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where E; is the Fermi energy for intrinsic Ge, k is the Boltzmann’s constant, 7 is the temper-
ature, n; is the intrinsic carrier concentration, and # is the carrier concentration calculated as

(&) . . . . .
n= f_  O(E)f(E)dE. Here, o(E) is the total electron density, and f(E) is the Fermi-Dirac
probability function.

In addition to the elevation of Fermi energy, bandgap narrowing (BGN) occurs when Ge
is heavily doped for n-type [47]. According to Ref. [47], correlation between n-type doping
concentration (Np) and BGN (AFE) for I'-I" bandgap is approximately expressed as Eq. (1.2)

from experimental results where Np is on the order of 10" cm™3.

AE[eV] = 0.013[eV] + 1072 [eV/ecm™] x Np[em™]. (1.2)

Taking into account the elevation of Fermi energy and BGN, pseudo-direct bandgap is

3

achieved where n-type doping concentration is mid-10' cm=3, as shown in Fig. 1.5.

Under excitation, carriers are excited to I'-valley even active doping concentration is not
enough for Ge to be pseudo-direct bandgap. Therefore, Ge laser with doping concentration
of 1 x 10" cm™ has already been reported [41], which is not enough to fill L-valley.



1.4 Outline of Thesis

The goal of this dissertation is to propose a new method for TDD reduction toward Ge lasers.
This dissertation describes theoretical calculation, verification of the method by experimental
measurements and observations, and feasibility study for light-emitting devices employing
the method.

In Chapter 2, requirements for Ge epitaxial layers on Si toward on-chip laser is investigated
through a literature survey and fundamental experiments. Theoretical analyses are given on
a quantitative basis in terms of non-radiative recombination (NRR) in bulk/surface of Ge
epitaxial layers on Si.

In Chapter 3, a theoretical model of image-force-induced TDD reduction is described
with numerical calculations. Quantitative investigation is described in terms of image force
applied to TDs in Ge epitaxial layer on Si. The TDD reduction occurs when selective epitaxial
growth (SEG) Ge layers coalesce with adjacent ones leaving voids near Ge/Si interfaces. It is
numerically shown that the combination of image-force-induced TD bending and coalescence
of SEG Ge layers contribute to the reduction of TDD in Ge.

In Chapter 4, Ge growth in lateral direction (in [110] orientation) over SiO, masks
is investigated. It is shown that Ge epitaxial layers with voids are formed as a result of
coalescence of SEG Ge layers. Conditions for the coalescence of SEG Ge layers are described
via quantitative analysis for lateral growth of Ge over SiO; masks.

In Chapter 5, the verification of the theoretical model shown in chapter 3 is shown via
measurements of TDDs using etch pit density (EPD) counting method. Observed TDDs well
reproduces the calculated ones, and the distribution of TDs in coalesced Ge is consistent with
the theoretical model.

In Chapter 6, TDs in coalesced Ge layers are directly observed by transmission electron
microscope (TEM). Cross-sectional TEM observations show the bending of TDs in separated
SEG Ge layers and the termination of a TD by a bottom surface in a coalesced Ge layer,
both are predicted by the theoretical model in chapter 3. In addition to that, cross-sectional
TEM observations show TD generation when SEG Ge layers coalesce. Plan-view TEM
observations show a unique behavior of TDs in coalesced Ge; TDs inclined to be parallel to
substrate. The mechanisms of the TD generation and the inclined TDs are discussed.

In Chapter 7, characterization and design of coalesced Ge are described in view of a light
emitting material. Characterization of tensile strain in coalesced Ge is described via Raman
spectroscopy. N-type doping of the coalesced Ge layers is described employing thermal
diffusion method. It is also described that coalesced Ge layers with voids at Ge/Si interfaces
have advantages in terms of NRR at interfaces. I.e., optical mode in coalesced Ge is pushed-up
owing to voids at Ge/Si interfaces, and thus negative effects from Ge/Si interfaces are reduced.
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In Chapter 8, light emission characteristics are described via micro-photoluminescence
(u-PL) and optical pumping measurements, as a feasibility study for light-emitting device
applications. In optical pumping measurements, CW, micro-sec pulsed, and nano-sec pulsed
lasers are used as excitation lasers.

Finally, a summary and future outlook are given in Chapter 9.
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2 Ge Epitaxial Layers for Light Emitter

Epitaxial Ge on Si has been intensively investigated as a material for on-chip
light-emitting devices. The advantages of Ge in terms of applications for on-chip
light-emitting devices are its direct bandgap (0.8 eV) corresponding to optical com-
munication wavelength (1.55 um) and compatibility with Si-CMOS processing.
Although Ge LDs have been experimentally achieved [42, 43], the reported J;j,
were two orders of magnitude higher than theoretical prediction [40, 48]. The
difference between theoretical J;;, and experimental one is ascribed to NRR in Ge
active layers and/or NRR at Ge surfaces. In order to clarify the requirements for
Ge epitaxial layers toward low-threshold LDs, fundamental of Ge epitaxial growth
on Si, radiative/non-radiative recombination in Ge epitaxial layers on Si, and sur-
face/interface NRR velocities for Ge epitaxial layers on Si are investigated and
summarized.

2.1 Methods and Issues of Ge Epitaxial Growth on Si

In order to fabricate high performance active photonic devices, single crystal Ge layers
are required to be grown on Si substrates. Considering crystal quality and application for
industrial production, a chemical vapor deposition (CVD) method has been widely employed,
and considered to be suitable for Ge growth on Si. Under appropriate conditions, Ge layers
grown on Si take over the crystal orientation from substrate Si. The Ge growth taking over the
crystal orientation from the substrate is called as "epitaxial growth," and the grown Ge layer is
called as "Ge epitaxial layer." In this work, an ultra-high vacuum CVD (UHV-CVD) method
is employed to grow Ge in order to reduce impurities in Ge: base pressure was mid-10~7 Pa
before Ge growths, which guarantees substantially low partial pressure of impurities such as
O, N», and so on.

However, there is a fundamental problem on Ge epitaxial layers on Si; lattice mismatch
between Ge and Si as large as 4.2 %. Such a large lattice mismatch leads the critical thickness
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(the maximum thickness for pseudomophic heteroepitaxial growth) as thin as atomic layers.
As the thickness of a Ge layer exceed the critical thickness, misfit dislocations (MDs) and
their threading segments (threading dislocations, TDs) are formed in order to release the
lattice-mismatch-induced strain in epitaxial Ge on Si. In highly mismatched system such
as GaAs on Si (4 % mismatch), it has been reported that 60° mixed TDs are formed as the
threading segments of misfit dislocations to release strain [49,50]. The critical thickness
increases through the optimization of growth temperature and the introduction of Si,Ge;_,
graded buffer layers. Although dislocation-free heteroepitaxial growths have been reported
employing the optimization of growth temperature [51] and the introduction of Si,Ge;_,
graded buffer layers [52], both are not suitable for Ge epitaxial growth on Si in terms of
application for integrated photonic devices. The optimization of growth temperature is not
able to increase the critical thickness as thick as several hundred nm, normally required for
active photonic devices, and the introduction of Si,Ge|_, graded buffer layers requires several
um thick buffer layers, which is not favorable for the integration on Si substrates.

Instead of the increase of the critical thickness, a two-step growth method is widely em-
ployed to obtain (relatively) high quality Ge epitaxial layers on Si. During the two-step growth,
the layer-by-layer plus island growth mode (Stranski—Krastanove mode) appears instead of
layer-by-layer growth mode (Frank—van der Merwe growth mode) [53]. By controlling the
growth temperature, pseudomophic layer-by-layer growth occurs at the initial stage of Ge
growth, and with the elevation of growth temperature, the epitaxial layer release strain energy
by forming MDs and TDs. As the results of the two-step growth with optimized conditions,
Ge epitaxial layers with TDs at a density of ~10° cm? were formed on Si [54]. Although
the TD density (TDD) of ~10° cm? is considerably low taking into account the lattice mis-
match between Ge and Si (4.2 %), TDD should be reduced in order to reduce non-radiative
recombination (NRR) in Ge epitaxial layers on Si.

2.2 Carrier Recombination in Bulk Ge
In a bulk intrinsic semiconductor material, the carrier recombination rate R is expressed as a
function of the electron concentration n:

R(n) = An+ Bn* + Cn® = 1 (2.1a)
T
7(n) = (A + Bn+ Cn?)"L. (2.1b)
Here, An indicates the dislocation-assisted NRR, Bn? indicates the spontaneous radiative

recombination, and Crn? indicates Auger NRR. The bulk lifetime is expressed as 7 in Eq.
(2.1b). The carrier recombination processes are overviewed in this section.
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2.2.1 Radiative Recombination
Radiative band-to-band recombination spontaneously occurs and the recombination rate Ry,
is in proportion to the electron and hole concentrations, i.e.,

R;, = Bnp (2.2)

where B is the recombination coefficient, n is the electron concentration, and p is the hole con-
centration. In the case for n-type Ge, on the other hand, the electron concentration is assumed
to be constant since it is much higher than injected minority carrier, hole, concentration, i.e.,

Ry, = Bnp = B'p (2.3)

where B’ is the modified recombination coefficient taking into account the electron concentra-
tion. In the case for tensile-strained n-type Ge, direct transition rate Rr and indirect transition
rate Ry are 1.3 x 10710 (cm3/s) [40] and 5.1 x 10715 (cm?/s) [55], respectively.

In laser diodes (LDs), however, stimulated radiative recombination occurs under population
inversion. l.e., injected light stimulates the carrier recombination, resulting in light emission
which is coherent with the injected light. The stimulated radiative recombination rate R, is
expressed as
Ry = (1-exp(le 22y 4)

kT
F, — Fj is refered to as "inversion factor," where F, and F; are quasi-Fermi levels under
injection. Note that R, + R; + Rvgrr = Rap under equilibrium, where Rygg and Ry, are the
total NRR rate and the absorption rate.

2.2.2 Dislocation-assisted NRR in Epitaxial Ge on Si

Dislocations in Ge epitaxial layers create defect states at the middle of the bandgap of Ge, and
the carrier recombination through the defect states, Shockley-Read-Hall (SRH) recombination,
is a non-radiative process [56]. In SRH recombination process, recombination rates for
electrons (R,) and holes (R),) are described as following equations:

R,
RP

cantNg(1 = f7) (2.5a3)
Cpdeﬁ (2.5b)

where ¢, is the capture coefficient for electrons, ¢, is the capture coefficient for holes, Ny is
the defect density, n is the electron concentration, p is the hole concentration, and f; is the
occupation probability of the defect. Equations (2.5) indicate that the recombination rate is
in proportion to TDD. The recombination rate is experimentally observed as the minority
carrier lifetime 7. Under low doping level, the minority carrier lifetime in Ge epitaxial layer
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(TDD ~ 108-10° cm™3) is dominated by SRH recombination process, as reported in Ref. [57].
The minority carrier lifetime in intrinsic Ge epitaxial layers are reported as 2.0-3.0 ns, as in
Refs. [58—60]. The T dependence on TDD is also seen in Ge photodetector research, such as
reported in Ref. [9].

2.2.3 Auger Recombination and Free Carrier Absorption
The impact of Auger generation-recombination process, the term Crn? in Eq. (2.1a), on
the minority carrier lifetime 7 become larger as doping density increase, as reported in
Ref. [61,62]. Under the doping level of ~10!° cm™3, the minority carrier lifetime in bulk Ge
is determined by Auger NRR process. However, the minority carrier lifetime dominated by
Auger recombination 74 is 0.1 us where doping level is ~10'” cm™ and Auger recombination
6s~1. Thus, if doping level is ~10'® cm™

coefficient C = 103! cm , T4 is two orders of

magnitude longer than SRH-dominated carrier lifetime in Ge epitaxial layers (2.0-3.0 ns).

It has been widely known that free carrier absorption arc4 follows Drude’s model (Eq.
2.6) under low doping level.
q*’ne

4n2c3gon, m.t,

QFcA = (2.6)

where ¢ is the elementary charge, A is the wavelength of photon, . is the doping concentration,
&o is the permittivity of free space, n, is the refractive index, m, is the effective mass of carriers,
and 7 is the scattering time owing to free carriers. In heavily n-type doped Ge, however, arca
does not follow the Drude’s model, and arc4 has been experimentally obtained as in Ref. [63].
According to Ref. [63], in the case for 0.25 % tensile strained n-type Ge (n. = 1x 10" cm™3),
arcy is effective in the range A > 6 um, but the absorption in the range 4 < 2 um is dominated
by direct gap absorption. Thus, in the case for optical communication wavelength (1.3-1.6
um), apcy is not a dominant factor.

Summarizing above, in bulk n-type Ge (n. = 1 x 10!° cm™), TDD would be a dominant
factor on the minority carrier lifetime 7.

2.3 NRR at Surfaces/Interfaces on Epitaxial Ge on Si

Recently, it was found that interface NRR velocity for Ge is one of the critical factors to realize
Ge lasers on Si [64]. le., with large surface/interface NRR velocity, J;; is dominated not
by 7 but by surface/interface NRR velocity. In this section, an estimation of NRR velocities
at Ge/Si, Ge/air, and Ge/GeO,; interfaces in Ge epitaxial layers on Si is performed using a
method employed in Refs. [64,65], where the surface/interface NRR velocity was determined
by a comparison of PL intensities obtained under two different wavelengths of excitation
lasers.
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2.3.1 Surface/Interface NRR Velocities: Background

It has recently been reported that large J;, values in the previous Ge LDs [42,43] are ascribed
to the NRR of carriers at the hetero-interfaces of Ge/Si with a large lattice mismatch of
4 Y%, rather than NRR in the Ge layer with a TDD [64, 66]. In order to achieve J;, as
low as 10 kA/cm?, the interface NRR velocity is required to be less than 10* cm/s [64],
while the surface/interface NRR velocities were reported on the order of 10° cm/s at the
Ge/air surfaces [58] and Ge/Si interfaces [60, 64]. A suitable surface/interface passivation
for Ge is required, as in the case for Ge-channel metal-oxide-semiconductor field effect
transistors [67—69]. So far, an enhanced photoluminescence (PL) intensity has been reported
by surface oxidation of Ge microdisks [70] and Ge nanowires [71], although no quantitative
analysis on the NRR velocity at the Ge/GeO, interfaces has been reported yet. In order to
estimate NRR velocities at Ge/GeQO, interfaces as well as Ge/Si interfaces and Ge/air surfaces,
PL measurements with two different excitation lasers were performed for Ge epitaxial layers
on Si referring the method employed in Refs. [64,65]. The surface/interface NRR velocities
are determined by comparing PL intensities obtained under two different wavelengths of
excitation lasers.

2.3.2 Estimation of Surface/Interface NRR Velocities: Theory

The PL intensity under a shorter wavelength of excitation is more sensitively degraded by the
surface/interface NRRs than that with a longer wavelength, since the shorter wavelength of
light usually shows a shorter depth of penetration, i.e., a significant decrease occurs in the
excess carrier concentration near the surface. The carrier profiles under the laser excitation
with a photon flux per unit area @ are calculated as a function of the depth x by solving the
continuity equation

Dd*(A A
DdAn) _An | o1 - Ryaexp(—ax) = 0 2.7)
dx? T

applying the boundary conditions

DdA

x= 0o 2dAn S1opAn(x = 0) (2.8a)
DdA

x=d=— " SpmAn(x = d). (2.8b)

Here, D is the carrier diffusion constant, An is the concentration of excess carriers, 7 is the
carrier lifetime, R is the reflectivity for the excitation light, ., is the absorption coefficient at
the excitation wavelength A, , d is the Ge layer thickness, S;,, is the NRR velocity at a top
surface/interface, and Sy, is the NRR velocity at a bottom Ge/Si interface.
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From Eqgs. (2.7) and (2.8), the carrier profile is expressed as

K, sinh(%) + K3 cosh(%) + exp(—aA){Ky sinh(7)} + Ks cosh(y)

A=K Xy
! K¢ sinh(%) + K7 COSh(%)
where
_ (1 -R)®ar
K = o1 (2.10a)
StopSpimL
K, = 2ot D””" + SpmarLL (2.10b)
L2
K3 = Siop + a— (2.10c¢)
T
StopSbimT
= —’OPL””” — SyopaL (2.10d)
L2
Ks = Spym — @ — (2.10e)
T
StopS, L
Ko = topbm® | & (2.10f)
L T
K7 = Stop + Shim- (2.10g)
The PL intensity /p; is then calculated using
d
Ip = / {Brn(x)p(x) — n? exp(—ax)}dx (2.11)
0

where Br is the radiative recombination coefficient for the direct transition in Ge [40], nr(x)
the electron concentration in the I" valley of conduction band, p(x) the hole concentration, n;
the intrinsic carrier concentration, and apy is the absorption coefficient at the wavelength of
PL emission.

The ratio of PL intensities between the two different excitation wavelengths was calculated
as a function of surface/interface recombination velocities using Eqs. (2.7) and (2.11). As
described below, two excitation lasers were used with the wavelengths of 4., =457 nm and A,
=785 nm in the experiments as well as in the calculations. The 1/e penetration depths in Ge
are approximately 20 nm (., = 500000 cm™") and 100 nm (@, = 100000 cm™!) for A, = 457
nm and 4., = 785 nm, respectively. The reflectivity R was calculated by the Fresnel equation
for each wavelength. By comparing the experimental ratio of PL intensity with the calculated
ones, the interface recombination velocity was estimated. The carrier lifetime 7 is one of the
most important parameters in the calculations. For undoped Ge epitaxial layers on Si, 7 has
been reported mostly around 2.0 ns, i.e., 2.0 ns in Ref. [58], 2.0-2.7 ns in Ref. [59], and 3.0
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Figure 2.1: (a) A cross-sectional SEM image of Ge epitaxial layer and (b) a schematic illustration of cross-
sectional structure.

ns in Ref. [60]. The shortest 7 would be 0.6 ns obtained for a 1-um-wide Ge waveguide as
thin as 0.2 um citeSrinivasanAPL2016, and the longest 7 would be 5.3 ns obtained for Ge
grown on a Ge-on-insulator (GOI) substrate [58]. Thus, the typical value of 7 should be 2.0
ns, although the calculations were performed for 7 in the range of 0.5-5.0 ns. The diffusion
constant D for holes and electrons were estimated from the Einstein equation D = ’;—Z, where
u is the hole/electron mobility in Ge [72].
2.3.3 Estimation of Surface/Interface NRR Velocities: Experimental Procedure
An undoped Ge epitaxial layer (800 nm) with a Si capping layer (22 nm, measured by an
ellipsometry at 4 = 633 nm) were grown on a 4-inch B-doped p-Si(001) wafer (1-100 Q
cm) byUHV-CVD. GeH4 gas diluted at 9 % in Ar and SipHe gas diluted at 10 % in Ar were
used as the source gases. Two-step growth (370/700 °C) method was employed in order to
obtain a high-quality Ge epitaxial layer [54]. Subsequently after the Ge growth, a Si capping
layer was grown at 600 °C in the same UHV-CVD chamber. Such a Si capping layer is
often used as a passivation layer to protect the chemically unstable Ge surface. No post-
growth annealing at higher temperatures was performed. The TDD in Ge grown in the same
condition was approximately 2x10% cm~2, and according to the Hall-effect measurements,
the Ge layers showed slightly p-type with the hole concentration around 10'® cm™3. A typical
cross-sectional scanning electron microscope (SEM) image is shown in Fig. 2.1 (a), indicating
the formation of uniform layers of Ge and Si.

After the epitaxial growth, the wafer was divided into small chips. Several different surface
structures of Ge/Si, Ge/air, and Ge/GeO, were prepared for the estimation of NRR velocity.
For the Ge/air interface, the Si capping layer was removed in an alkaline solution of 2.38 %
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Figure 2.2: PL spectra from a Si-capped Ge layer excited by a 457-nm laser (blue) and a 785-nm laser (red).

Tetramethylammonium hydroxide (TMAH) at 65 °C for 3 min. The removal was confirmed
by the Raman spectroscopy with 4., = 457 nm. Before the PL measurement, the sample
was dipped in deionized water in order to remove native oxide formed on Ge surface at room
temperature, which is usually removed by deionized water [73]. For the Ge/GeO; interface,
Ge surfaces were thermally oxidized in a tube furnace of a dry O, ambient at 550 °C for 30
min or 120 min after the removal of Si capping layer. According to the ellipsometry (1 = 633
nm), a 24-nm-thick GeO, layer was formed after the 30-min oxidation, and a 42-nm-thick
GeO; layer was formed after the 120-min oxidation.

PL measurements were carried out at room temperature employing two different wave-
lengths of excitation lasers, A,y = 457 nm and 785 nm. As illustrated in Fig. 2.1 (b), the
sample surface was illuminated from the top through an objective lens. The diameter of 1/e”
intensity was approximately 2 um. The values of excitation laser power were 3.3 mW for A,
=457 nm and 1.9 mW for A, = 785 nm, corresponding to the photon flux density of 2.4x10?3
cm™2s™! in both cases. The PL emission was collected from the top with the same lens as
that used in the excitation, and the intensity was detected through a monochrometer with an

extended InGaAs detector in the wavelength range of 1400-1800 nm.

2.3.4 Estimation of Surface/Interface NRR Velocities: Results and Discussion

Figure 2.2 shows typical PL spectra from the Ge layer having the Si capping layer. The PL
intensity using A,, = 785 nm is higher than that using 4., = 457 nm. After the integration
of intensity in the wavelength range of 1500—-1650 nm, where the direct transitions occur, the
ratio of integrated PL intensity between the excitations of A,y = 785 nm and A,, = 457 nm,

%, was obtained to be 1.6+0.1.



18

= 10 — T « 10 — T T
0 t A=785nm 0 A =457 nm
‘E "? | — Sgeis = 103 ‘E “? — Sges = 108
CIC) g 6t — Sees = 10* qC, g 6 — Sgesi = 10*
g = - Scesi = 10° g = Scesi = 10°
8 g 4t — Sgessi = 108 8 % 4 — Scgesi = 108
D ~ O ~
:_? 2 K g 2
0 — 0 : : :
0 200 400 600 800 0 200 400 600 800
Depth (nm) Depth (nm)
(a) (b)
2.0
l 4
- 1 5 L 11 .6i0.:]/_,,——’/
)
~
L1 AN 0.7-9%x109
05 \ 2.0
' \0 g 07 (ns)
0.0 — *
103 104 10% 106

Sgessi (cm/s)

(c)

Figure 2.3: Calculated profiles of hole in Ge illuminated by (a) 785-nm laser and (b) 457-nm laser. (c) Calculated
dependence of % as a function of Sg./s; and 7.

Based on the calculated excess hole (electron) concentrations for A,, = 785 nm and A, =
457 nm shown in Figs. 2.3 (a) and 2.3 (b) as well as the excess electron concentrations in the
I valley nr, % was calculated as a function of the NRR velocity at the Ge/Si interface Sg./s;.
as shown in Fig. 2.3 (c). Here, the interface NRR velocity at the top Ge/Si interface S;,, was
assumed to be equal to that at the bottom Ge/Si interface Sy, although there is almost no
effect of Sy, because the excess carrier concentration is negligible at the bottom interface.

The carrier lifetime 7 in Ge were changed as a parameter to be 0.5, 1.0, 2.0, and 5.0 ns, as

I7s5
Iys7
I7ss

range of Sg./si. As aresult, Sg,/s; in the range of 10° cm/s was obtained for 7 = 2.0 ns. Tisy

indicated in Fig. 2.3 (c). The yellow areas indicate the observed and the corresponding

increases with increasing 7, corresponding to the decrease in Sg,/s;. Assuming 7 = 1.0 ns,
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Figure 2.4: (a) A schematic illustration of cross-sectional structure, (b) measured PL spectra from a bare Ge

layer, and (d) calculated dependence of Z% as a function of Sg¢/qi- and 7.
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SGessi was estimated to be in the range of 10° cm/s, being similar to the case of T = 2.0 ns as
well as to the previous reports [60, 64]. Even assuming the longer lifetime 7 = 5.0 ns, Sg,/s;
was estimated to be larger than the middle of 10* cr/s. It should be mentioned that S, /Si Was
not estimated for the shorter lifetime of 7 = 0.5 ns, because the experimental Z—i: of 1.6+0.1 is
larger than the calculated ones even for the infinite Sg,/s;. This suggests that 7 in Ge is longer
than 1.0 ns, as in the previous reports showing 7 around 2.0 ns for intrinsic Ge epitaxial layers
on Si [58-60].

The NRR velocities at the Ge/air interface, Sg,/qi,, and at the Ge/GeO, interface, Sg./Ge0,
were obtained in the same way as in the case of Sg,/s;. For the Ge/air interface, Figs. 2.4 (a),
2.4 (b), and 2.4 (c) show schematic illustrations of cross-sectional structure, PL spectra, and

% as a function of Sg, /4 for T of 1.0, 2.0, and 5.0 ns, respectively.
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Figure 2.5: (a) A schematic illustration of cross-sectional structure, (b) measured PL spectra from a GeO,-capped
Ge layer, and (d) calculated dependence of % as a function of Sg¢/Geo, and 7.

Figures 2.5 (a), 2.5 (b) and 2.5 (c) show the schematic illustrations of cross-sectional
structure, PL spectra, and Z_: as a function of Sg, /4 for the Ge/GeO, interface. From
Figs. 2.4 and 2.5, surface/interface NRR velocities were obtained for 7 = 2.0 ns, as Sge/qir
=0.4-3x10° cm/s, SGe/Geo, (550 °C, 30 min) = 0.9-3x10* cm/s, and SGe/Geo, (550 °C, 120
min) = 3-9x10° cm/s.

The obtained Sg,/q;r is consistent with the previously reported one as large as 1x10°
cm/s [58]. On the other hand, it is noted that the obtained Sg./Gc0, values are one or two
orders of magnitude smaller in comparison with Sg,/s; and Sg,/4i-. In the case of 120-min
oxidation, Sg./Ge0, Was on the order of 10% cm/s. Such a small NRR velocity should have
a significant impact to reduce J;, in Ge lasers [64]. The observed difference in Sg./G.0,
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between the 30-min and 120-min oxidations may be ascribed to the transition from non-
stoichiometric GeO, to stoichiometric GeO,. According to Ref. [71], the oxidized Ge surface
initially possesses GeO,, while GeO; is gradually formed with an elongated oxidation time.
SGe/Geo, Obtained for the shorter oxidation time of 30 min would be referred to as Sg./Geo, -

2.4 Requirements Toward Low-Threshold Ge LDs

As mentioned above, TDD is a dominant factor for 7 in bulk n-type Ge (1. = 1 x 10'° cm™).
Although it has not been reported the correlation between 7 and TDD, considering typical
size of photonic devices such as ~100 um cm?, TDD as low as 10° cm™2 can achieve TD-free
Ge photonic devices on Si. Thus, in the present status, 10° cm™ is a sufficient goal for TDD
in Ge epitaxial layers on Si.

Figure 2.6 shows schematic illustrations of 4 typical conventional methods for TDD reduc-
tion, which have been attempted in Ge epitaxial layers on Si. These methods have successfully
been shown TDD reduction in Ge epitaxial layers on Si, but there are drawbacks when the
methods are employed to light emitting devices. Note that the optical confinement in Ge is an
essential factor as well as tensile strain and n-type doping, in terms of light-emitting device
applications of Ge on Si.

* (a) Thermal annealing [54,74,75]. This stimulates movement of TDs leading reduction
of TDD, typically to 2 x 107 cm™2. The drawback is possible intermixing of Si and Ge
and out-diffusion of dopants in Ge such as phosphorus.

* (b) SiGe graded buffer layer [52,76,77]. This increases the critical thicknesses and
suppresses the generation of TDs leading reduction of TDD, typically to 2 x 10 cm™2.
The drawback is the thick buffer reduces light coupling efficiency between Ge devices
and Si waveguides underneath.

* (c) Aspect ratio trapping (ART) [78—80]. This is one of selective epitaxial growth (SEG)
methods and reduces TDs by trapping TDs at sidewalls of thick SiO, trenches, typically
to < 1 x 10° cm~2. The ART method uses a thick SiO, mask to reduce TDD in Ge over
the SiO, masks, which locates far above Si, ended up with the same drawback in (b).

* (d) Ge growth on Si pillar seeds and annealing [81-83]. This method is similar to the
ART method enabling TD trapping by high aspect ratio Ge growth, to < 1 x 103 cm™2.
The drawback is a high temperature annealing for Ge coalescence ended up with the
same drawbacks in (a), (b) and (¢).

The reported TDDs, drawbacks, and typical references are summarized in Table 2.1. All
4 methods have drawback(s) in terms of application to light-emitting devices.
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Figure 2.6: Schematic illustrations of conventional TDD reduction methods: (a) thermal annealing, (b) SiGe
graded buffer, (c) aspect ratio trapping, and (d) Ge growth on Si pillars.

Table 2.1: Reported methods for reduction of TDDs in Ge-on-Si

Method Achieved TDD (cm™2) Drawback(s) Typical References

Si-Ge intermixing
Thermal annealing 2x 107 [54,74,75]

dopant out-diffusion

bad light coupling
SiGe graded buffer 2 x 100 [52,76,77]

weak optical confinement in Ge

ART 1x10° bad light coupling [78-80]

Si-Ge intermixing
Si plllar seeds 1x 105 bad hght Coupling [8 1—83]

weak optical confinement in Ge
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As for surface/interface NRR velocity S, S as small as 10* cm/s is required to achieve Ge
laser with J;;, as low as 10 kA/cm? [64]. As shown in Fig. 2.5, S as small as 10* cm/s can
be achieved by thermal oxidation. Thus, Ge active layer is preferable to be surrounded by
thermal oxidation layer as much as possible.

Based on these requirements, a novel TDD reduction method is proposed and theoretically
shown in Chapter 3, and experimentally verified in Chapters 4-6 in order to achieve low-TDD
Ge epitaxial layers on Si, which is free from the drawbacks above. Then, the low-TDD Ge
epitaxial layers on Si were oxidized to reduce surface NRR velocity, and application to light
emitting device will be investigated in Chapters 7 and 8.
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3 Theoretical Model and Calculation for the
Reduction of TDs by Image Force

It has already been known that dislocations near free surfaces are attracted from the
free surfaces. There are many reports on image force observed in Si [84], SiC [85],
and in theory [86—88]. Although many reports on image force have been published,
there is no attempt to reduce TDD in Ge epitaxial layers on Si. Therefore, this work
is the first attempt to reduce TDD in Ge epitaxial layers on Si utilizing image force.
In this chapter, a model to reduce TDD is proposed in the case for Ge epietaxial
layers on Si. It has been observed that TDs in Ge epitaxial layers on Si are bent
to be normal to growth surfaces [89-91]. Although cross-sectional transmission
electron microscopy (TEM) observations have revealed the TD bending in previous
works, there has been no investigation nor discussion about them. In this study, I
focus on the TD bending to be normal to the growth surfaces for the first time, and
investigate their application to reduce TDD in Ge on Si. At the last part of this
chapter, extensibility to other material system is considered.

3.1 Image Force: Driving Force for TD Bending
In a bulk material, a dislocation generate a symmetric strain field as schematically shown in
Fig. 3.1 (a). In Fig. 3.1(a), calculated distribution of o is shown around an edge dislocation
parallel to z axis. Red color indicates the positive displacement of atoms, blue color indicates
the negative displacement, and green color indicates no displacement. Such a symmetric
strain field is, however, not maintained when the dislocation locates near a surface/interface,
as shown in Fig. 3.1(b). In Fig. 3.1(b), it is assumed that there is a free surface near the
dislocation as indicated by the black dashed line, and the strain is released at a free surface.
Then, the strain field is modified and become asymmetric (left half of Fig. 3.1 (b)).

The modified strain field corresponds to the strain field under the situation that there is a
dislocation at a mirror position with the opposite Burgers vector (right half of Fig. 3.1 (b)).
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Figure 3.1: Schematic illustrations of a oy, around an edge dislocation parallel to z axis where (a) far away from
surface/interface and (b) near a free surface

The "real" dislocation and the "image" dislocation attract each other, resulting in bending of
"real" dislocation to be normal to the free surface. Therefore, the magnitude of image force
is calculated as:

b2
Serew = 4’;‘/1 cosd (3.1a)
ub?
Fogoe = —————cos 6 3.1b
edse = VIl — ) o (3-1b)

where Fycpe and Feqq. are image forces for a screw dislocation and an edge dislocation,
respectively, v is Poisson’s ratio, u is the modulus of rigidity, b is the absolute value of the
Burgers vector, V is the volume of a dislocation, / is the distance between a dislocation and a
free surface, and 6 is the angle between a dislocation and a free surface. In the case of Ge, u
=75 GPa, b = 0.4 nm, and v = 0.26. Assuming that the volume V is equal to the product of
the TD length of 100 nm and the radius of strained layer 0.4 nm, the shear stresses due to the
image force close to the growth surfaces are estimated from Eqgs. (3.1a) and (3.1b), as shown
in Fig. 3.2.

In the case for the distance / as small as 20-30 nm, the shear stress originated from image
force becomes even larger than the Peierls stress of 0.5 GPa reported for 60° dislocations in
Ge [92]. In addition to that, TD bending can occur under smaller shear stress than the Peierls
stress since the TD bending occurs during crystal growth at high temperature (600-700 °C).
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Figure 3.2: Calculation results of shear stressed induced by image force as a function of a distance between a
dislocation and a free surface

According to reported dislocation mobility in bulk Ge, the mobility of dislocations in Ge
reaches more than 10 um/sec under 10 MPa shear stress at 900 K [93]. Thus, it is reasonable
to consider that the image force is strong enough for TDs to be bent normal to the growth
surfaces.

Note that the image force does not depend on crystal orientation. This suggests that image-
force-induced TD bending should occur in SEG Ge of any structure and any orientation, as
long as TDs are close to free surface. It is also notable that there are many reports on the
interaction between dislocations and interface due to image force [84—88].

3.2 Numerical Calculations of TD Reduction

The magnitude of image force in Ge was calculated in the previous section, showing that
the image force should be strong enough to bend TDs in Ge to be normal to free surfaces.
In this section, the methods and results will be shown for the numerical calculation of TD

trajectories in SEG Ge and TDD reduction as a function of aperture ratio, which is defined

as Wyindow
Wwindow +Wmask

the reduction of TDD as the result of coalescence.

3.2.1 TD Bending in SEG Ge Layers
In SEG Ge layers, trajectories of TDs can be calculated assuming that the TDs are bent to

. It will also be shown that Ge growth on SiO, masks has negative effects on
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be normal to growth surfaces. Specific method of the numerical calculation is described as
follows.

(I) Definition of growth surfaces: In order to calculate trajectories of TDs in a SEG Ge
layer, growth surfaces of the SEG Ge layer is required to be defined, i.e., the cross-sectional
shape of the SEG Ge layer should be defined. For instance, consider a simple case, a line-
shaped SEG Ge layer with a round-shaped growth surfaces. The growth surfaces are expressed
by following equation:

(= (=) =1} (3.2)

where i is the parameter showing the development of the growth (n = 1,2, 3, ...,i—1,i,i+1,...),
and r; and A; are the radius and height of the growth surface when n = i. Figure 3.3 (a) shows
a schematic illustration showing the situation expressed by Eq. (3.2). In Fig. 3.3 (a), the
growth surfaces satisfy both (i) center points of the all circles are on y-axis, and (ii) the all
circles passes (w, 0) and (—w, 0), where W,,;,q0w is the width of the window area
opened for Ge epitaxial growth. In the calculation, the thickness of the SiO, masks is assumed

to be thin enough to ignore ART effect on TD reduction.

(II) Calculation of normal directions for arbitrary location: As the growth surfaces
are defined, normal lines at arbitrary points can be calculated. A TD passing a point (x3, y3)
heads a next point (x4, y4), which is obtained by solving following simultaneous equations:

_y3—(h3—r3)

y= B~
X3

X+ (y = (ra— ha))* = 1. (3.3b)

X+ hy—r;3 (3.3a)

Equation (3.3a) indicates the normal line at (x3, y3), and Eq. 3.3b indicates the growth surface
when n = 4. Figure 3.3 (b) shows the situation expressed by Eq. 3.3. Here, the red line
between (x3, y3) and (x4, y4) indicates a part of a TD trajectory passing the point (x3, y3).
Expanding the calculation steps above, (x;+1, yi+1) can be calculated from (x;, y;). Therefore,
a trajectory of one TD due to the image force can be calculated when the location of TD
generation (xg, 0) is given, as shown in Fig. 3.3 (c). In other words, trajectories for arbitrary
TDs can be calculated by the method described above. In addition to that, note that the
cross-section of SEG Ge is not need to be round-shaped. IL.e., facetted crosse-section cases
are also able to be calculated expressing the cross-section by another equation. Figure 3.3
(d) shows the trajectories of TDs with various generation point xq in {113 }-facetted SEG Ge,
for instance. In Fig. 3.3 (d), it is assumed that SEG Ge does not grow on SiO;. Thus, the
sidewalls of the {113 }-facetted SEG Ge are assumed to be round-shaped in order not to touch
SiO, masked area.
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(d)

Figure 3.3: (a)—(c): Numerical calculation process to calculate a trajectory of a TD in a round-shaped SEG Ge.
(d): Trajectories of TDs in a {113 }-facetted SEG Ge
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3.2.2 Reduction of TDD Induced by TD Bending and Coalescence

Figure 3.4 shows trajectories of TDs in round-shaped SEG Ge where xo = 0,0.2,0.4, 0.6,
and 0.8 X ”’;"”W Here, assuming that the SEG Ge coalesce with the adjacent one, the TDs
generated at xo = 0 and 0.2 X ‘“"""W penetrate to the top surface, while the TDs generated
at xo = 0.4,0.6 and 0.8 X ”‘”d"w penetrate to the bottom surface, i.e., terminated to the void
remained as the result of the coalescence. The ratio of TDs penetrating to the bottom surface
depends on the aperture ratio (APR) of the SEG masks. APR is defined as Eq. 3.4, in the
case for line-and-space SEG.

W .
APR = window (3.4)
Wwindow + Wmask

In Fig. 3.4, APR is set as 0.5, i.e., Wyingow = Wiask. 3 dislocations generated at xo = 0.4,
0.6, and 0.8 Xw penetrate to the bottom surface, and 2 dislocations generated at xy = 0
and 0.2 xw penetrate to the top surface, in this case. Thus, 3 dislocations are reduced
as the results of image-force-induced dislocation bending and coalescence of SEG Ge layers.

Since TDs in Ge on Si are originated from the lattice mismatch between Ge and Si, it is
assumed that TD generation occurs only at interfaces between Ge and Si. In other words,
regardless of cross-section of SEG Ge, TDD should be reduced as APR decreases, i.e., TDD
in coalesced Ge is in proportion to APR. Here, introduce a factor f in order to express the
reduction of TDs induced by image force and coalescence of SEG Ge, as in Eq. 3.5.

Pcoalesced = Pblanker X APR x f (35)

where, Pcoatescea 1 TDD in the coalesced Ge epitaxial layer, ppranker is TDD in the planar
blanket Ge of the same thickness with coalesced Ge, and APR is as defined in Eq. 3.4. In the
case when APR = 0.5, shown in Fig. 3.4, there is a boundary at xo = 0.2687 xw, ie.,
dislocations generated at xo > 0.2687 XW penetrate to the bottom surface, and at xy <
0.2687 XM penetrate to the top surface. Thus, the TDD reduction factor f is 0.2687.

The factor f is calculated in round-shaped SEG Ge and {113}-facetted SEG Ge as a
function of APR, as shown in Fig. 3.5. It is understandable that the ratio of TDs penetrating
to the bottom surface increase as APR decrease. It is also reasonable that the factor f for
{113 }-facetted SEG Ge is larger than that for round-shaped SEG Ge when APR > 0.11, taking
into account that {113} facets face top surface rather than bottom surface, as shown in Fig.

3.3 (d). However, it is not self-evident that there is a "crossing" between the factor f for
round-shaped SEG Ge and {113}-facetted SEG Ge when APR is 0.11.

In order to understand the origin of the "crossing" at APR =0.11 in Fig. 3.5, trajectories
of 6 TDs (xg = 0.04,0.1,0.2,0.4, 0.6, and 0.8 X W”‘d”w) are calculated when APR = 0.1 and
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Figure 3.4: TD reduction as the results of bending and coalescence
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Figure 3.5: Calculated TDD reduction factor f as a function of APR. Dots indicate calculated values.
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0.8, as shown in Fig. 3.6. Here, it is shown that

(a) round-shaped SEG origin, APR = 0.1: 5/6 TDs are trapped, f = 0.0503.

(b) round-shaped SEG origin, APR = 0.8: 2/6 TDs are trapped, f = 0.5009.

(c) {113}-facetted SEG origin, APR =0.1: 6/6 TDs are trapped, f = 0.0324.

(d) {113}-facetted SEG origin, APR = 0.8: 0/6 TDs are trapped, f = 0.9697.

It is clearly shown that round-shaped SEG and then coalesced Ge is more effective to reduce
TDD when APR is 0.8, than {113 }-facetted case. On the other hand, when APRis 0.1, {113}-
facetted and then coalesced Ge is more effective than round-shaped case. These calculation
results indicate the "crossing" phenomenon, which is shown in Fig. 3.5.

Figure 3.6 shows the origin of "crossing" as well. From Figs. 3.6 (a) and (c), it is found that
the TD generated at xo = 0.04 in round-shaped SEG Ge penetrate to the top surface, while the
one in {113}-facetted SEG Ge penetrate to the bottom surface. Such a difference is ascribed
to the presence of {113} facets near the SEG top: {113} facets are more deviated from [001]
direction than round-shaped surfaces. The presence of {113} facets near the SEG top promote
the bending of TDs generated near the center of SEG Ge (xg < 1), and the positive effect
of {113} facets on the reduction of TDD become larger as APR become smaller. This is the
reason of the "crossing" at xo = 0.11.

In the calculation shown in Fig. 3.6, it is assumed that Ge does not grow on SiO; masks.
Under certain growth conditions such as relatively high GeHy source gas pressure and/or
relatively low growth temperature, however, Ge shows wetting growth on SiO, masks even
Ge nucleation does not happen on SiO;. Such a "wetting" growth of Ge on SiO; has been
widely reported in Ge coalescence to perform ART [78,80,90,94-97]. In fact, the previous
works on ART have been worked so as not to form voids on SiO, masks [98]. However,
such a wetting growth has a negative effect on the TDD reduction in our model, as shown in
Fig. 3.7. Figure 3.7 shows coalesced Ge with APR of 0.1, assuming that Ge wetting growth
happens on the SiO, mask. Here,

(a) round-shaped SEG origin, APR = 0.1, Ge grows on SiO; masks: 0/6 TDs are trapped.

(b) 113-facetted SEG origin, APR = 0.1, Ge grows on SiO; masks: 0/6 TDs are trapped.
As obviously shown in Fig. 3.7, if wetting growth occurs, no semicylindrical void is formed
when SEG Ge layers coalesce. Thus, all TDs penetrate to the top surface, showing no
reduction of TDD, i.e., f = 1.

From Eq. 3.5, reduction of TDD is expressed as APR X f = Peodlesced  Here note that

Pblanket

p;’zl“’—g‘:')‘;d indicates a TDD in coalesced Ge normalized by TDD in blanket Ge of the same

thickness. Figure 3.8 shows numerical calculation results of APRX f = p;zl“’—"l"‘;" as a function
anke

of APR, summarizing the effect of TDD reduction induced by image force and coalescence
of SEG Ge.
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Figure 3.6: Trajectories of TDs in coalesced Ge when Ge does not grows on SiO; masks.
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Figure 3.7: Trajectories of TDs in coalesced Ge originated from (a) round-shaped SEG Ge and (b) {113 }-facetted
SEG Ge, in the case for Ge grows on SiO, masks.
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Figure 3.8: Calculated TDD in coalesced Ge as a function of aperture ratio
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In Fig. 3.8, the red squares and line are calculated TDDs and their eye-guide line in
coalesced Ge originated from round-shaped SEG Ge, and the blue dots and line are calculated
TDDs and their eye-guide line in coalesced Ge originated from {113 }-facetted SEG Ge. The
"crossing" shown in Fig. 3.5 is also shown in Fig. 3.8 when APR =0.11. When APR is larger
than 0.11, the round-shaped SEG Ge is more effective than {113 }-facetted one, corresponding
to the situation shown in Figs. 3.6 (b) and (d). When APR is smaller than 0.11, on the other
hand, {113}-facetted SEG Ge become more effective than round-shaped one, corresponding
to Figs. 3.6 (a) and (c). Asin Fig. 3.6, such a "crossing" of TDD reduction effect is ascribed
to the presence of {113} facets near the SEG top (xg is almost 0). Theoretically, TDD become
0 (f = 0) when APR =0.09739 in the case for {113 }-facetted SEG Ge.

It is notable that TDDs can be reduced for 1072 times compared to blanket Ge regardless
of cross-sectional structure of SEG Ge. For example, when TDD in blanket Ge is 10° cm™2,
TDD in coalesced Ge (APR = 0.1) should be smaller than 107 cm™2. Note that the situation
in Fig. 3.7 correspond to the black line in Fig. 3.8, showing the TDD reduction owing to
the reduction of APR, but not to the coalescence (f = 1). Thus, Ge wetting growth on SiO,
masks has a negative effect in terms of the TDD reduction.

3.2.3 Extensibility to other hetero-epitaxy

In this chapter, image-force-induced TD bending and TDD reduction are described in the
case for Ge epitaxial layers on Si. However, since image force is applied in all materials
where near free surfaces, the image-force-induced TD bending and TDD reduction should be
applicable to all hetero-epitaxy as long as SEG is possible. For instance, GaAs form {111}
facets when line-shaped GaAs SEG is performed in [110] direction on a Si(001) substrate [99].
Then, the calculation performed to {113 }-facetted Ge on Si can be applied to {111 }-facetted
GaAs on Si only by changing the angle between (001) plane and appearing facets; incase
for {113} facets: 25.2°, and for {111} facets: 54.7°. Such simple modification is applicable
because image force is not related to crystal orientation. It is also notable that the magnitude
of TDD reduction increase as the angre between (001) plane and appearing facets become
larger because TDs are deviated from [001] direction more easily. Although the rest part of
this dissertation employs Ge epitaxial layers on Si for experimental verification, note that the
image-force-induced TDD reduction would be applicable to all material system as long as
SEG is possible.
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4 Lateral Growth and Coalescence of SEG Ge
Layers

Ge grows on Si, while does not grow on SiO;, [100]. Thanks to the useful nature,
selective epitaxial growth (SEG) of Ge on Si has been achieved and widely employed
in Si photonics research [54,89]. In order to achieve experimental verification
of the theoretical model described in chapter 3, SEG Ge and their coalescence
should be achieved as a major premise. However, there has been no report on
Ge growth overhanging SiO; masks since previously reported attempts on Ge
growth over SiO; in lateral direction were all "wetting growth" except for several
unintentional formation of voids on SiO; masks. [101, 102] Therefore, the kinetics
of Ge overhang growth and the conditions for coalescence should be investigated
before the examination of the TDD reduction model, and will be described in this
section.

4.1 Experimental Procedure: Ge SEG on Si

4.1.1 Preparation of SEG Masks

Boron-doped p-Si wafers (resistivity range: 1-100 2 cm) were oxidized in a tube furnace
to form thermal SiO; layers used as SEG mask layers. In order to remove ART effect from
the observation of TDDs, the Si wafers were oxidized at 900 °C for 2 hours. According to
an optical interference type film thickness measurement system nanospec, the thickness of
thermal SiO; layers were 39 + 1 nm as oxidized.

The thermal SiO; layers were patterned into stripe shape employing electron beam (EB)
lithography followed by wet chemical etching. EB lithography was carried out using a
surfactant "OAP" and a positive EB resist "ZEP 520A." The operation conditions were
summarized in Table 4.1. Please note that the operation conditions were optimized from the
standard conditions in order to use ZEP 520A for wet chemical etching: ZEP 520A coated by
the standard conditions cannot survive the following wet chemical etching.
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Table 4.1: Process conditions for photoresist coating, EB lithography, and development.

Process Temperature Time Note
Surface cleaning Room temp. 10 sec Use DI water
Pre-OAP bake 110 °C 300 sec
OAP coating Room temp. 30 sec Spin 3000 rpm
Pre-ZEP bake 110 °C 60 sec
ZEP coating Room temp. 60 sec Spin 1000 rpm
Pre-exposure bake 180 °C 300 sec
Cool down 180 — 50 °C 30 ~ 40 min On hotplate
EB exposure Room temp.  depends on pattern  Dose: 120 uC/cm?
Development Room temp. 60 sec Developer: ZED
Post-exposure bake 140 °C 3 min

The length direction of the SEG masks were set to be parallel to [110] orientation as
schematically shown in Fig. 4.1. Wyin40, and W,,,sr were set to be 0.5—-10 um in design. The
minimum widths of W,;,40, and W,,,sx were limited by the resolution of EB writer, and the
maximum widths were set to be wide enough to prevent coalescence of SEG Ge layers. The
actual W40 and Wy, were deviated from the designed ones because of fabrication error
in lithography and isotropic wet chemical etching. The actual W,,;,4,,, Was experimentally
obtained by AFM and SEM, and will be shown in later part (section 4.2.1).

Wet chemical etching was carried out using a buffered-HF "BHF-63SE," which etches
thermal SiO; at a rate of 80 nm/min. The Si wafers after EB lithography were dipped into
the BHF for 1 min in order to completely remove the thermal SiO, layers. ZEP 520A resist
coated by the standard conditions cannot survive the wet chemical etching process, and thus
the EB conditions were optimized as summarized in Table 4.1. The important process is the
"ZEP coating," "Cool down," and "Post-exposure bake." The standard ZEP coating recipe is
"2500 rpm for 60 sec" or so, resulting in ZEP thickness of 400 nm. The optimized recipe
give s ZEP thicker than the standard recipe, 700-nm-thick. Cool down process is added as the
result of process optimization, resulting in a good adhesion between resist and substrate. The
cool down process should be operated on a hotplate without any intentional cooling down
operation. Post-exposure bake is also added as the result of process optimization, making
ZEP 520A stronger in terms of wet chemical etching. The baking temperature was set to be
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Figure 4.1: Schematic illustrations of SEG mask, W,,indow, and Wy, sk

above the glass transition temperature; 105 °C for ZEP 520A.

After wet chemical etching by BHF, ZEP 520A was removed using Hakuri 104 (photo-
resist remover) at room temperature for 30 min with ultrasonic vibration. The Si wafers were
cleaned using Piranha solution (H,O, 20 ml + H,SO,4 80ml) and 0.5 % diluted HF for three
times in order to remove organic/metal impurities on the wafer surfaces. Prior to loading into
Ge growth machine, the Si wafers were dipped into 0.5 % diluted HF for 4 min in order to
remove native oxide on Ge growth window areas. As the results of the cleaning processes
above, ~20-nm-thick SiO; layers were remained on the Si wafers as the SEG mask layers
according to thickness measurements using nanospec.

4.1.2 Ge Epitaxial Growth on Si

Ge epitaxial layers were grown on the Si wafers with patterned SiO, SEG mask layers using an
UHV-CVD method. In the UHV-CVD chamber, base pressure was kept mid-10~" Pa, leading
extremely small amount of impurities such as carbon, oxygen, etc. in epitaxial layers. A
loaded wafer is heated up by thermocouple, and the chamber wall is cooled down by running
water. Thus, source gases are decomposed by thermal assist at the surface of the loaded wafer.

A two-step Ge growth method [54] was employed in order to grow epitaxial Ge layers
on Si (see section 2.1). A pure Ge buffer layer was deposited at relatively low temperature
(below 400 °C) followed by a main Ge layer deposited at an elevated temperature (typically
500-700 °C). In this thesis, "growth temperature" means the temperature during the main
layer deposition. The thickness of Ge buffer layer was several tens of nano meter. A GeHy
gas diluted at 9 % in Ar was used as the source gas for Ge layers, and its partial pressure was
kept 0.5-0.8 Pa during the buffer/main Ge growth. The thickness of Ge layer was controlled
by changing the duration of main growth. Under the conditions, growth rate of Ge on (001)
plane is 8—12 nm/min, depending on temperature and partial pressure. After the growth of
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main Ge layer, a Si capping layer was successively deposited in the same UHV-CVD chamber
at 600 °C in order to protect chemically unstable Ge layers. The thickness of the Si capping
layer is sensitive to growth temperature and difficult to control precisely. According to single
wavelength ellipsometry (4 = 0.633 um), the thickness of Si capping layer was 22 + 5 nm at
blanket area for the samples used in this thesis.

4.2 Ge Lateral Growth Over SiO, Masks

4.2.1 Experimental Observations of W,,;,40w

In order to obtain the widths of Ge overgrowth in lateral direction, Wy,i,40» Were measured by
atomic force microscope (AFM) and SEM as shown in Fig. 4.2. The AFM observations were
carried out on a Si wafer without Ge growth, which experienced all processes including 4
min cleaning by 0.5 % HF under the same conditions on the same day. Thus, the SEG masks
should be identical with a Si wafer loaded into UHV-CVD chamber. The sidewall angles of
the SiO; layer were obtained as 8—23° according to the AFM observations. These sidewall
angles are within the detection angle determined by the angle of the probe edge, and thus the
observed W,,ini0w 1S trustable.

Figure 4.2 (b) shows the relation between designed W,,;, 40 and experimentally obtained
Wiyindow- In Fig. 4.2 (b), the black dashed line shows where W, 40w by AFM = Designed
Wiyindow, and the red dashed line shows where W,,inq0n by AFM = Designed W,,;40w + 100
nm. It is found that the experimentally obtained W,,;,4,, is wider than designed ones for 100
nm. The expansion of W,,;,40 is reasonable because the wet chemical etching is an isotropic
etching process, i.e., the SiO; layer should be etched in lateral direction as well as depth
direction. Since the Si wafer was dipped into BHF for 1 min, the SiO; layer should be etched
for 80 nm in both depth and lateral direction. Taking into account that W,,;, 4., Start to be
expanded as Si substrate is exposed, expansion of W,;,40,, for 100 nm is reasonable.

In addition to the AFM observations, cross-sectional SEM observations were carried out
after Ge growth as will be shown in Fig. 4.4. W,;,40w obtained from the cross-sectional
SEM images are also plotted on the graph in Fig. 4.2 (b), and the W40, Obtained by
SEM observations (blue outlined squares) well correspond to the W,,;,40, Obtained by AFM
observations. The correspondence of W4, Obtained by AFM and SEM ensure that the
obtained W40y is trustable. From now, the word "W,,;,40, " means Wy,inq0, Obtained by
SEM taken for each SEG Ge layer unless otherwise stated.

4.2.2 Ge Growth in Lateral Direction at 700 °C

Ge SEG at 700 °C was carried out on the Si wafer with SEG masks for 150 min (duration
of main growth). Observations for cross-sectional structure of blanket/SEG Ge layers were
carried out by scanning electron microscopy (SEM). Figure 4.3 shows a cross-sectional SEM
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Figure 4.2: (a) A bird’s eye view AFM image of SEG mask before Ge growth and (b) the relation between
designed Wy indow and experimentally obtained Wyyindow
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Figure 4.3: A cross-sectional SEM image of Ge grown in blanket area at 700 °C

image of Ge grown in blanket area at 700 °C. The thickness of Ge in blanket area is 1.8 um
from the SEM image.

Figure 4.4 (a) shows a typical cross-sectional SEM image of a SEG Ge layer grown at 700
°C (designed Wyingow = 0.8 um). The observed cross section of SEG Ge layers are exposed
by cleaving followed by polishing using focused ion beam (FIB). Thus, there is a Pt layer
deposited to protect Ge layers during the FIB polishing. The SEG Ge layer grown at 700 °C
shows round-shaped cross-section, which is assumed in the calculation shown in Figs. 3.3
(a)—(c) and the red lines in Figs. 3.5 and 3.8. The growth rate of SEG Ge in [001] direction is
obtained as 5.6 nm/min. The growth rate is related to the growth rate on {113} facets, as will
be described in Fig. 4.5. From the SEM image, the width of SEG Ge (W, ) was obtained for
1.42 ym. Since the actual W,,,q40y is obtained for 0.906 um from the SEM image, the width of
Ge overhanging the SiO; mask Wy, ¢/ pang is Obtained as w = 0.257 um. The relation
among Window, Wae, and W, erpang is expressed by Eq. 4.1, and schematically illustrated in

Fig. 4.4 (b).
WGe - Wwindow

2
As shown in the SEM image and schematically illustrated, Ge wetting growth on SiO; is not

= Woverhang- 4.1)

completely suppressed. From the SEM image, Ge grows on SiO, for ~50 nm.

Thicknesses of Si capping layers grown on facet sidewalls are thinner than those of Si
grown on (001) top surfaces, as reported in Ref. [103]. Since the thickness of Si capping layer
grown on (001) top surfaces was ~20 nm according to a single wavelength ellipsometry, the
Si capping layer on facet sidewalls should be only several nano meter. Thus, the Si capping
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Figure 4.4: (a) A typical cross-sectional SEM image of a SEG Ge layer grown at 700 °C (Wyyindow = 0.8 um in
design) and (b) schematic illustration showing the relation among Wyindow, WGe, and Woyernang

layers are difficult to be found in SEM images and ignored in the observations for Wg,.

Woverhang Tor other SEG Ge layers were obtained from cross-sectional SEM images for
each SEG Ge layers in the same way, and the obtained results are summarized in Fig. 4.5.
Black dots indicate experimentally obtained Wy ¢ nang by cross-sectional SEM observations.
It is clearly shown that W,erpang become wider as Wiy inq0, become narrower. In particular,
there is an "inflection point" around 2 um, i.e., the correlation between Wo,¢nang and Wyingow
changes around 2 um. Such W, ¢rpang dependence on Wi,in40 is explainable by the round-
shaped cross-sectional growth model, which is schematically shown in Fig. 3.3 (a). The
growth model assumes that cross-sectional structure of SEG Ge is a circle passing (0, h),
(w, 0), and (—W, 0), where h is the height of the SEG Ge. In Fig. 4.5 (a), the red
dashed line indicates Wyerpang derived from the round-shaped growth model. The growth
rate of SEG Ge in [001] direction and the width of Ge grown on SiO, masks are estimated by
fitting using least-squares method as 5.5 nm/sec and 42 nm, respectively. It is notable that the
growth rate obtained by fitting well correspond to the one obtained from the SEM observation
shown in Fig. 4.4 (5.6 nm/min). W,,ernane calculated by the fitted growth rate (5.5 nm/min)
and wetting growth width (42 nm) well reproduces the experimental results. However, the
derived growth rate of SEG Ge in [001] direction, 5.5 nm/sec, is significantly smaller than
the growth rate of Ge on (001) planes, and close to the growth rate of Ge on {113} facets as
shown by the yellow star in Fig. 4.5 (b) [104]. Therefore, it is found that the round-shaped
SEG Ge growth is limited by {113} facet growth, which shows the slowest growth rate in Ge
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crystal [105].

4.2.3 Ge Growth in Lateral Direction at 650 °C

Ge SEG at 650 °C was carried out on the Si wafer with SEG masks for 270 min (duration of
main growth). Such a long duration of main growth was chosen in order to obtain coalesced
Ge layers even with smaller growth rate on {113} facets (Fig. 4.5 (b)). Figure 4.6 shows a
cross-sectional SEM image of Ge grown in blanket area at 650 °C. From the SEM image, the
thickness of Ge in blanket area is obtained as 3.5 um.

Different from Ge growth at 700 °C, SEG Ge layers grown at 650 °C shows {113 }-facetted
cross-section instead of round-shaped one, as shown in Fig. 4.7 (a). The thickness of the SEG
Ge layer is 1.3 um from the SEM image, corresponding to the growth rate of 4.4 nm/min.
The growth rate of the SEG Ge correspond to that of Ge on {113} facets as shown by the
blue star in Fig. 4.5 (b). The sidewalls of the SEG Ge layer is round-shaped so as not to
grow on SiO; masks. Therefore, in terms of cross-sectional shape, the SEG Ge grown at 650
°C corresponds to the assumption in calculation shown as Figs. 3.3 (d) and as the blue lines
in Figs. 3.5 and 3.8. However, as schematically shown in Fig. 4.7 (b), Ge wetting growth
on SiO, is shown for ~900 nm wide on one side. The enhancement of Ge wetting growth
on SiO, is ascribed to the reduction of growth temperature (700 °C — 650 °C) promoting
nucleation of Ge on SiO,, as reported in Ref. [98]. Assuming that the Ge start to grow on
SiO; when the SEG Ge layer is surrounded by {113} facets (indicated by the green line in
Fig. 4.7 (c)), the growth rate in lateral direction is estimated to be 3.5 nm/min.

The SEM image was taken without FIB polishing since SEG Ge layers grown at 650 °C
changed its shape by the FIB polishing. This would be ascribed to physical unstability of the
SEG Ge layers grown at 650 °C. As reported in [106], Ge/SiO; interfaces remain grown-in
tensile strain in Ge, i.e., Ge/SiO, interfaces are not flexible. Thus, there would be non-uniform
strain in SEG Ge, leading physical unstability of the SEG Ge layers.

4.2.4 Ge Wetting Growth on SiO;
Comparing Fig. 4.4 (a) and Fig. 4.7 (a), it is clearly shown that Ge does not grow on SiO,
at 700 °C, while Ge grows on SiO; at 650 °C. The difference in wetting growth on SiO,
can be understood as follows. Assuming that the contact angle between Ge and SiO; (0) is
determined by Young’s equation:

YSi02 = YGe €OS O + Vins 4.2)

Here, ysio2, YGe»> and yiy; are SiO; surface free energy, Ge surface free energy, and Ge/SiO,
interfacial free energy, respectively. The angle of SEG Ge sidewall becomes larger as Ge
growth proceeds. When the angle of SEG Ge sidewall reaches the contact angle 6, SEG Ge
needs to grow in vertical ([001]) or lateral ([1 10]) direction. In the case for 650 °C growth,
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Figure 4.5: (a) Wovernang as a function of Wy,iu40w and (b) growth rates of Ge on (001) planes (GRgo1) and
{113} facets (GR3). Growth rates are obtained from Y. Mizuno, Master’s thesis, The University of Tokyo, 2010.
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Figure 4.6: A cross-sectional SEM image of Ge grown in blanket area at 650 °C

the vertical growth is severely limited by {113} facets, and thus SEG Ge prefers to grow in
lateral direction, i.e., wetting growth. Even though the wetting could generate dislocations at
the Ge and SiO, interface, it is finally to be terminated at the semicylindrical void surface. In
the case for 700 °C growth, Ge can grow in vertical direction, and the contact angle is larger
than that for 650 °C because of larger y;,;. These would be the reason why 650 °C-grown Ge
shows wetting over SiO; while 700 °C grown-Ge does not.

4.3 Coalescence of SEG Ge Layers Over SiO, Masks

Simply thinking, SEG Ge layers would coalesce with adjacent ones when meet together, i.e.,
Wovergrowth > M. The calculated area where Wy ergrowrn > W or Wovergrowtn <
% is shown in Figs. 4.8 (a) and (b). Blue area shows the parameter sets satisfying
Wovergrowth > W, where SEG Ge layers should be coalesced. On the other hand, red
area shows the parameter sets satisfying Wy, ergrowrn < w, where SEG Ge layers should
not be coalesced. Experimentally obtained structure is also in Figs. 4.8 (a) and (b). Blue dots
indicate the parameter sets where SEG Ge layers are coalesced and formed a flat-top film. A
cross-sectional SEM image and a plan-view optical microscope (OM) image of coalesced Ge
with flat-top surface are shown in Figs. 4.8 (c) and (d). The OM image shows no structure
because of the flat-top surface of the coalesced Ge. Green triangles indicate the parameter
sets where SEG Ge layers are coalesced, but the top surface is not flat but mountain-shaped.
A cross-sectional SEM image and a plan-view OM image of coalesced Ge with non-flat-top
surface is shown in Figs. 4.8 (e) and (f). The OM image slightly shows stripe structure

parallel to [110] direction, which is the length direction of SiO, masks underneath. Red
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Figure 4.7: (a) A cross-sectional SEM image of SEG Ge grown at 650 °C, (b) a schematic illustration of the
SEM image, and (c) a schematic illustration of Ge wetting growth on SiO, masks.

crosses indicate the parameter sets where SEG Ge layers are not coalesced, i.e., completely
separated SEG Ge layers are observed. Figures 4.4 (a) and 4.7 (a) show typical SEM images of
SEG Ge layers without coalescence. It is obvious that the calculation results well correspond
with the experimental results.

In Fig. 4.8 (c), tunnel-shaped voids were periodically observed on the SiO, masks. This
indicates that the flat-top coalesced Ge layer was formed due to the coalescence between the
Ge SEG layers. The thicknesses of the flat-top coalesced Ge layers were 20%—40% smaller
than that for the blanket Ge layer. This difference in thickness is ascribed to the difference of
growth rate in [001] direction between planar Ge growth and SEG Ge, as shown in Fig. 4.5
(b). In the SEM images of coalesced Ge layers (Figs. 4.8 (c) and (e)), there are white lines
connecting top surfaces and voids. Note that the white lines are not defects but geometrical
steps because the images are taken by SEM, which cannot detect crystal defects. As will be
described in later part, there is strain concentration at the top of the voids, and thus such steps
are formed when the sample chips were cleaved.

Flatness of a coalesced Ge layer (Wyingow = 0.5 um, Wy = 0.6 um in design) was
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Figure 4.8: A distribution maps of coalesced/non-coalesced Ge grown at (a) 700 °C and (b) 650 °C, (c) a cross-
sectional SEM image and (d) plan-view OM image of coalesced Ge with flat-top surface, and (e) a cross-sectional
SEM image and (f) plan-view OM image of coalesced Ge with non-flat-top surface.
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Figure 4.9: Bird’s eye view AFM images of (a) coalesced Ge (Wy,ingow = 0.5 um, W, ,5x = 0.6 um in design)
and (b) blanket Ge grown on the same Si wafer

observed by AFM in 10 x 10 um? large area as shown in Fig. 4.9 (a). The surface root means
square (RMS) is obtained for 1.36 nm at the area. Although the RMS value is slightly larger
than that for blanket Ge (0.79 nm) shown in Fig. 4.9 (b), the RMS of 1.36 nm is small enough
for the application of photonic devices because light scattering on the surface of RMS = 1.36
is negligible for near-infrared light used in optical communication (1.3-1.6 um).

In order to understand the coalescence process of SEG Ge layers more deeply, a SEG
Ge growth was carried out inserting 10-nm-thick Sip3Geq 7 layers every 15 min during the
growth of main Ge layer. The Sip3Geg 7 layers were inserted to visualize growth surfaces,
which is the method employed in ART research [102, 107]. The coalesced Ge with Sip3Geq 7
layers were observed by high-angle annular dark field (HAADF) scanning transmission elec-
tron microscope (STEM). A STEM specimen was picked up from a target area by a micro
sampling method using focused Ga ion beam, and the thickness (in direction perpendicular to
a paper/display surface) of the STEM specimen was 200 nm according to SEM observation.
Acceleration voltage of 200 kV was employed for the STEM observation. Figure 4.10 (a)
shows a cross-sectional HAADF STEM image of a coalesced Ge with Sig 3Ge( 7 demarcation
layers grown at 700 °C. A schematic illustration of the STEM image is shown in Fig. 4.10 (b).
The growth surfaces of the SEG Ge layers are clearly visualized by the Sig 3Geg 7 layers, which
are shown as black-ish lines in Fig. 4.10 (a). At the initial stage of Ge growth, SEG Ge layers
start to grow from growth windows and their cross-section are round-shaped. Then, SEG
Ge layers overhang the SiO; masks and coalesce with adjacent SEG Ge layers. Coalesced
Ge forms non-flat-top surface just after the coalescence, and finally form flat-top surface by
filling the "valley" area above the voids.
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Figure 4.10: (a) A cross-sectional HAADF STEM image of SEG Ge grown at 700 °C with Sig 3Geg 7 layers and
(b) a schematic illustration of the STEM image

The STEM image shows Ge wetting growth on SiO, masks at 700 °C, unlike other
SEG/coalesced Ge layer growth at 700 °C. The enhancement of Ge wetting growth on SiO,
would be ascribed to the insertion of Sig3Geq 7 layers. Sip3Geg 7 layers would be easier to
grow on SiO; than Ge because nucleation of Si on SiO; is more difficult to suppress than that
of Ge on SiO; [108]. Thus, the nucleation of Sip 3Geg.7 would occur on SiO, more frequently,
leading Ge growth on the Sip3Gep7 on SiO,, resulting in the enhancement of Ge wetting
growth on SiO;.

4.4 Orientation Dependence for Lateral Growth and Coales-
cence of Ge

So far, the length direction of SEG masks has been aligned to be parallel to [110] direction.
However, the lateral growth rate may depends on orientation since lateral growth rate is related
to the growth rate of {113} facets, which is the slowest growth facets in Ge crystal. In order
to investigate the orientation dependence of lateral growth rate, Ge growth was carried out
at 600 °C over SEG masks deviated from [110] direction. SEG Ge layers aligned to [110]
direction and the ones deviated from [110] direction for 30° were observed by plan-view
SEM observations, showing clear difference. Figure 4.11 shows plan-view SEM images of
0.7-um-wide (in design) SEG Ge layers grown at 600 °C. Although the SEG Ge layers aligned
to [110] direction (Fig. 4.11 (a)) have smooth sidewalls, the SEG Ge layers deviated from
[110] direction for 30° (Fig. 4.11 (b)) have rough sidewalls. Taking a closer look, the rough
sidewalls of SEG Ge layers deviated from 30° are surrounded by facets as shown in Fig. 4.11
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Figure 4.11: Plan-view SEM images of 0.7-um-wide (in design) SEG Ge layers aligned to (a) 0°and (b) 30°
deviated from [110] direction

(b) by red dashed lines. The facets would be {113} or {111} facets, which are stable facets in
Ge crystal. Such rough sidewalls of SEG Ge layers are, however, not suitable for experimental
verification of TDD reduction model because it is difficult to determine the cross-section of
SEG Ge, resulting in difficulty in theoretical calculation of TDDs in coalesced Ge. Therefore,
in this work, SEG Ge layers aligned to be parallel to [110] direction and their coalesced layers
were examined in order to verify theoretical model by experiments.

In terms of practical application, however, the investigation of SEG Ge layers deviated from
[110] direction is important. In particular, since Ge is an active device material, micro disk
or micro ring structures have been widely interested [109—111]. Thus, it should be important
challenge to fabricate micro disk/ring via SEG and coalescence of Ge.

In order to fabricate micro disk/ring via SEG and coalescence, circle-shaped SEG was
carried out as shown in Fig. 4.12. Figure 4.12 (a) shows an OM image of a circle-shaped SEG
mask (Wyingow = 0.9 um, W,,45r = 0.5 um in design), and Fig. 4.12 (b) shows OM image of
Ge grown on the SEG mask. Although the SEG mask is completely circle-shaped according
to the OM observation, there are 8 convex parts radially spreading on the top surface of the
grown Ge. The convex parts are more obviously shown by bird’s eye view AFM observation
as shown in Fig. 4.12 (c), and it is found that the convex parts are ~150 nm thicker than other
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Figure 4.12: OM images of (a) circle-shaped SEG mask (Wyingow = 0.9 um, W,,q5x = 0.5 pum in design) and
(b) coalesced Ge ring grown on the SEG mask, (c) a bird’s eye view AFM image of the coalesced Ge ring, and
(d) cross-sectional profile of convex part indicated by blue dashed line in (c).
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parts, as in Fig. 4.12 (d) showing cross-sectional profile of convex part indicated by blue
dashed line in (¢).

The formation of convex parts would be ascribed to crystal orientation since the convex
parts are symmetric in four directions; [110], [110], [110], and [110]. The results suggest
that there are specific orientation enhancing growth in lateral direction, resulting in earlier
coalescence of SEG Ge layers and formation of the convex parts. From the OM and AFM
observations, it is found that the convex parts are formed where 21° deviated from <110>
directions. This result suggests that growth in lateral direction would be enhanced when SEG
masks are alined to be 21° deviated from <110> directions. However, in this work, such
specific angled SEG masks are not employed because of the reason described above. It is also
notable that longer Ge growth is required to obtain flat-top coalesced Ge rings because of the
presence of the convex parts.
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S Experimental Verification of Theoretical Model
by Measurements of TDDs

Experimental verification of theoretical model described in section 3 has been
carried out in terms of TDD reduction and distribution of TDs in coalesced Ge
layers. In this section, an etch pit density (EPD) method is employed in order to
characterize large area of Ge epitaxial layers grown on Si. Since the SEG Ge layers
and their coalesced layers are thinner than blanket Ge, thickness dependence of
TDD in Ge on Si is also observed by EPD method.

5.1 Experimental Procedure: Measurements of TDDs by EPD
Method

Prior to EPD measurements, Si capping layers grown on Ge epitaxial layers were removed
because the Si capping layers are chemically stable, and thus prevent to visualize TDs in
Ge by the solution used in EPD method. In order to remove Si capping layers without
inducing any chemical/physical damage in Ge epitaxial layers, wet chemical etching by 2.38
% Tetramethylammonium hydroxide (TMAH, [(CH3)4]*[OH]™) was carried out at 80 °C.
According to Ref. [112], using 2 % TMAH at 80 °C, etching rate of Si is 39 um/h = 650
nm/min. It has been reported that etching rate of Sij_,Ge, by TMAH decreases as the
composition of Ge x increases [113]. In the present work, the etching rate of Si by 2.38 %o
TMAH (production name: NMD-3) at 80 °C was obtained for ~830 nm/min as shown in
Fig. 5.1. Samples for EPD measurement were dipped into buffered-HF in order to remove
native oxide on Si capping layers because SiO; is not etched by TMAH. Then, the samples
were etched by 2.38 % TMAH for 5 min at 80 °C. During the removal process of Si capping
layer, reduction of Ge thickness was not observed. Note that the etching rate of Si by TMAH
decreases as TMAH become thicker, which easily happens during heating up. In the present
work, densification of TMAH was avoided by putting teflon plate on a beaker used for the
etching.
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Figure 5.1: Si etching rate by 2.38 % TMAH (NMD-3) at 80 °C

After the removal of Si capping layers, TDDs in blanket/coalesced Ge layers were measured
by EPD method. EPD method visualizes TDs appearing on top surfaces as small pits by
preferential etching of Ge around the TDs, as schematically shown in Fig. 5.2. TDs in Ge
layers were visualized by a wet chemical etching at room temperature using a mixture of
CH3COOH (67 ml), HNO3 (20 ml), HF (10 ml), and I, (32 mg). The etching time was
intended to be 5-7 sec. This mixture has been employed in EPD method and TDDs in Ge
have successfully measured by the method [54, 89, 114]. Ge top surface away from TDs
were etched by 200 nm on average in the etching process. Ge top surface around TDs were
etched 100—150 nm deeper than Ge away from TDs. Note that the CH3;COOH/HNO3/HF/I,
solution gradually lose its oxidizability, and thus the solution should be renewed ideally for
each sample.

The etched pits were observed by AFM since the diameter of pits are several hundreds
nano meter, which is hard to observe by OM. The AFM observations were carried out in five
different areas of 10 um X 10 um. As shown in Fig. 5.3, the obtained EPDs are equal to
TDDs determined by plan-view transmission electron microscopy (TEM) observations, when
the etching conditions above and AFM are employed [115]. Therefore, in this work, EPD is
considered to be equal to TDD, i.e., EPD = TDD.
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Figure 5.2: Schematic illustration of TDs visualization by CH;COOH/HNO3/HF/I, solution
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Figure 5.3: Correlation between EPD measured by AFM and TDD obtained by plan-view TDD. The data
indicated as black opened diamonds are obtained from Y. Takada, Master’s thesis, The University of Tokyko,
2010.
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Figure 5.4: Typical AFM images of (a) coalesced Ge grown at 700 °C, (b) coalesced Ge grown at 650 °C, and
(c) blanket Ge grown at 700 °C after wet etching for TDs visualization

Table 5.1: Cross-sectional structures and EPDs of Ge layers shown in Fig. 5.4

AFM image W,indgow (um)  Wyask (um)  Ge thickness (um)  Growth temp. (°C) TDD (cm?)

Fig. 5.4 (a) 0.66 0.44 1.15 700 6.5 x 107
Fig. 5.4 (b) 0.86 0.34 2.67 650 6.9 x 107
Fig. 5.4 (c) blanket 1.89 700 8.1x 107

5.2 Comparison of TDDs Between Experimental Results and
Theoretical Calculation
5.2.1 TDDs in Coalesced SEG Ge Layers
Figure 5.4 shows typical AFM images of (a) coalesced Ge grown at 700 °C, (b) coalesced Ge
grown at 650 °C, and (c) blanket Ge grown at 700 °C after the wet etching for TD visualization.
Cross-sectional structures of the Ge layers, the thicknesses of Ge layers, growth temperature,
and obtained TDDs are summarized in Table 5.1. Here, a notable results are obtained for the
growth at 700 °C. The EPD results obtained for Ge grown at 700 °C indicate that the TDD
in the coalesced Ge layer is smaller than that for the blanket Ge, although the coalesced Ge
layer (1.15-um-thick) is thinner than the blanket Ge layer (1.89-um-thick).

According to the previous reports, [116,117] TDD in a lattice-mismatched heteroepitaxial
layer decreases as the thickness of the layers increases. Therefore, taking into account the
thickness of Ge layers, the coalesced Ge (Fig. 5.4 (a)) shows significantly lower TDD than the
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blanket Ge (Fig. 5.4 (c)). For a quantitative comparison between coalesced Ge and blanket
Ge, the relation between TDD and Ge thickness should be clarified in order to compensate
the difference of Ge thickness between blanket Ge and coalesced Ge.

5.2.2 Correlation Between TDDs and Layer Thickness for Blanket Ge Layers

As mentioned above, the relation between TDD and Ge thickness should be investigated in
order to compare blanket Ge and coalesced Ge on a quantitative basis. Figure 5.5 shows
TDDs in blanket Ge layers as a function of the layer thickness. It is obvious that the TDD
decrease as the thickness increase, and the relation is empirically and approximately obtained
depending on growth temperature as:

Oblanker = 2.52 % 1013 x (d [nm])™'7  (at 530-650 °C) (5.1a)
Oplanker = 2.67 x 10'% x (d [nm])™'37  (at 700 °C) (5.1b)

where ppranker is the TDD in blanket Ge, and d is the thickness of the Ge layer. The exponent
indices of —1.57 and —1.37 agree with previous reports [116, 117] showing the exponent
indices between —1 and —2. It is interestingly found that the relation between TDD and layer
thickness is described by Eq. (5.1a) when the Ge layers are grown at 530-650 °C, while it is
described by Eq. (5.1b) when the Ge layers are grown at 700 °C.

A possible reason for the difference of thickness-TDD relation between 650 °C and 700 °C
is the movement of TDs in Ge epitaxial layers. As discussed in Ref. [11], the rearrangement
of dislocations occurs when growth/annealing temperature is above 750 °C. Since the starting
temperature for the rearrangement of dislocations has not been precisely investigated, it
would be possible that the rearrangement of dislocations start to occur at 700 °C, resulting
in reduction of TDDs. If the rearrangement of dislocations cause the difference of thickness-
TDD relation, TDD should be reduced as the growth temperature increase in the range above
700 °C. However, it has not been investigated in this work because Ge growth above 700 °C
is not allowed in our UHV-CVD machine.

5.2.3 Normalized TDDs vs. Theoretical Model

After taking into account the relation between layer thickness and TDD, the theoretical model
and experimental results are able to be compared on a quantitative basis. The relation between
normalized TDD and APR is shown in Fig. 5.6. The vertical axis is set to be normalized
TDD defined as % in order to include the effect of layer thickness. The black solid
line indicates the line regression, i.e., normalized TDD = APR. The blue solid line and the
red solid line indicate calculated relation between TDD and APR in coalesced Ge originated
from {113}-facetted SEG Ge and round-shaped SEG Ge, respectively. Experimental results
are shown as blue triangles for Ge grown at 650 °C, and red diamonds for Ge grown at 700
°C. It is clearly shown that the experimentally obtained TDDs in Ge grown at 650 °C and 700
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Figure 5.5: TDDs in blanket Ge layers as a function of the layer thickness

°C well correspond with calculated TDDs in coalesced Ge originated from {113}-facetted
SEG Ge and round-shaped SEG Ge, respectively.

As shown in Fig. 4.7 (a) and Fig. 4.4 (a), SEG Ge layers grown at 650 °C have
{113 }-facetted cross-sectional structure, and SEG Ge layers grown at 700 °C have round-
shaped cross-sectional structure. Therefore, the comparison between theoretical model and
experimental results shown in Fig. 5.6 indicate that the experimentally obtained TDDs well
reproduce the calculated effect of image force and coalescence, in terms of cross-sectional
structure. Note that the SEG Ge grown at 650 °C shows wetting growth on SiO, masks, as
shown in Fig. 4.7. Since coalesced Ge with complete wetting growth should show TDD
reduced only by APR as shown in Fig. 3.7, TDDs in coalesced Ge grown at 650 °C should
be between {113 }-facetted case (blue solid line) and linear regression case (black solid line).
The experimentally obtained TDDs in coalesced Ge grown at 650 °C is actually between
the blue solid line and the black solid line. The difference between linear regression and
{113 }-facetted case become larger as APR become smaller. Thus, further reduction of APR
will show the difference clearer. This will be an interesting future work. Table 5.2 shows a
summary of the experimentally obtained TDDs, APR, Ge thickness, TDDs in blanket Ge of

the same thickness ppanker» and normalized TDDs (£ecalesced ;‘;719‘:‘;‘1 ).



Table 5.2: Cross-sectional structures and TDDs in Ge layers shown in Fig. 5.6

Pcoalesced Pblanket Normalized

Growth temp. (°C)  Wyindgow (nm) Wy (nm)  d (nm)
(x107cm?)  (x107cm?) TDD

820 160 2840 8.1+1.1 9.9 0.82+£0.11

860 340 2670 72+1.3 11.2 0.64 +0.12

810 590 2360 6.6+1.3 13.2 0.50+0.10

1070 110 2720 9.8+1.9 10.5 0.93£0.18

650 1080 300 2450 93+1.2 12.4 0.75+£0.10
1050 530 2200 8.7+1.2 14.7 0.59 + 0.08

1330 80 2600 9.7+1.3 11.3 0.86 £0.11

1250 340 2270 9.6+ 1.5 14.0 0.68 £0.11

blanket 3490 7.0+0.8 7.1 0.98 £0.12

660 440 1150 44+0.5 17.1 0.26 £0.03

830 110 1250 6.2+0.7 15.3 0.41+£0.04

830 450 1150 4.6+0.5 17.1 0.27+£0.03

00 1050 110 1160 7.3+0.6 16.9 0.43+0.03
1090 400 1120 55+0.3 17.7 0.31 £0.02

1100 110 1300 7.3+0.3 14.5 0.51 £0.02

110 440 1070 53+04 18.9 0.28 £0.02

blanket 1890 7.9+0.8 8.7 0.91 +0.09
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Figure 5.6: TDDs in coalesced Ge layers as a function of the layer thickness

5.3 Distribution of TDs in Coalesced Ge

In addition to the reduction of TDDs, characteristic distribution of TDs in coalesced Ge is
predicted by the theoretical model as well. More specifically, TDs in SEG Ge would be
bent to be away from the center of Si seed area, where W40 = 0, as schematically shown
in Fig. 3.3, and thus TDs in coalesced Ge would tend to be located above SiO, masks, as
schematically shown in Fig. 3.6.

On the coalesced Ge layers with flat-top surfaces, however, it is difficult to recognize
where the SEG masks lay underneath, as shown by plan-view OM image in Fig. 4.8 (d). In
order to observe the correlation between distribution of TDs and the location of SEG masks,
TD observation was carried out in coalesced Ge with non-flat-top surface grown at 700 °C
(indicated as green triangles in Fig. 4.8 (a)) by EPD method. Figure 5.7 shows a 10 um X
10 um bird’s eye view AFM image on non-flat-top coalesced Ge. Wyindow and W, s are
designed to be 1.0 ym and 0.7 pum, respectively. It is shown that TDs concentrate on the
"valley" area, where above SEG masks. From the AFM image, TD densities are obtained
as 7.5 x 107 cm™2 for the Ge top surface above Si seeds, and 1.3 x 103 cm™2 for the Ge top
surface above SEG masks. Such distribution of TDs, TD accumulation above the SiO, masks,
corresponds to the prediction given by the theoretical model. Thus, the observation result of
TD dislocation is also a supporting material for the theoretical model.
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10 um -

Figure 5.7: A 10 um x 10 um bird’s eye view AFM image on non-flat-top coalesced Ge (Wyingow = 1.0 um
and W45 = 0.7 um in design) after wet chemical etching for TD visualization

5.4 Discussions

5.4.1 Absence of "TDD Re-Increase' in Coalesced Ge

In previous reports on ART, generation of TDs when SEG Ge layers coalesce has been reported
when SEG Ge layers coalesce [78,97, 118], and "TDD re-increase" has been observed as the
result of the generation of TDs [80]. In this work, on the other hand, such "TDD re-increase"
was not observed. The comparison between ART work and this work is shown in Fig. 5.8
in terms of TDD re-increase. The blue triangles and red diamonds are normalized TDDs
obtained in this work (same data as Fig. 5.6), and the black dots are normalized TDDs in
an ART work (data obtained from [80]). The solid lines are calculated TDD for the data
obtained in this work (red and blue lines), and eye-guide line for ART work (black line). The
coalesced Ge in ART shows normalized TDD larger by a factor of more than 10. The increase
of normalized TDD in the ART work indicates the "TDD re-increase" as described above. In
this work, on the other hand, no TDD re-increase is shown for both 650 °C and 700 °C.

In ART works, it has been considered that atomic-scale crystalline misorientations would
be generated between the adjacent Ge SEG layers grown from the bottom of trench regions as
deep as 100 nm or larger, leading to an increase of TDDs in the coalescence process [118,119].
Absence of TDD re-increase in this work would be related to the presence of voids formed
on the SEG masks. The coalescence of SEG Ge layers takes place above the voids. The
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Figure 5.8: Comparison between ART work (J. G. Fiorenza, et al., 2010) and this work in terms of TDD
re-increase

misorientation between the adjacent Ge SEG layers could be compensated if atomic re-
arrangements occur to prevent the generation of coalescence defects. If this is the case, TDDs
could be reduced even in the case of ART when voids are formed on the mask surfaces. In fact,
it has been briefly reported that coalescence of SEG Ge layers takes place without generation
of TD when there are voids on SEG masks [101], supporting the hypothesis. However, the
previous report [101] just showed the absence of generation of TD, but not discussion had
been made.

The other possible reason is the use of thin SiO; layers as SEG masks from the fabrication
point of view. The SEG mask patterns were fabricated through a wet chemical etching process,
where the sidewall roughness should be smaller than that for the deep trench formation in
ART employing a dry etching process. Growth of Ge with touching rough SiO, sidewalls
could induce atomic-scale crystal misorientation in SEG Ge layers, leading generation of TDs
when the SEG Ge layers with misorientation coalesce each other.

This point will be discussed in the later part being accompanied by TEM observation
results.

5.4.2 Comparison with Other TDD Reduction Methods
As described in section 2.4, conventional methods for TDD reduction have drawbacks in
terms of light-emitting device applications. However, the TDD reduction induced by image
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force and coalescence of SEG Ge layers is free from the drawbacks.

* (a) Since no post-growth annealing process is employed, Ge epitaxial layers are free
from intermixing of Si and Ge, or out-diffusion of dopants.

* (b) As shown in Fig. 4.8 (c), there are ~150-nm-high voids near the bottom Ge/Si
interfaces. Thanks to the voids, as will be shown in Fig. 7.9 (a), light is well confined
in the Ge active layer.

* (c¢) On the other hand, since the voids are only ~150-nm-high, light coupling from Ge to
bass Si waveguides should be easier than ART and Ge on Si pillar cases, which induce
~ um-thick optical isolation.

* (d) In addition to that, Fig. 5.8 reveals that there is one more advantage over ART
method; absence of TDD re-increase.

In these respects, the proposed and verified TDD reduction method is preferable to light-
emitting device applications.

5.4.3 Toward Further Reduction of TDD

In the present study, the coalescence-induced TDD reduction can be verified experimentally
in the case of APR > 0.5. Further reduction of APR, corresponding to Wyindow < Winask,
should leads further reduction of TDD according to the theoretical model. The acceptable
maximum of W, is determined by the duration of Ge growth in view of conduct of
experiment. Increase of GeHy partial pressure is not preferable because it will promote Ge
wetting growth on SiO; masks [98]. Although smaller W40, Was not performed here (the
minimum W,,i,q40, Of 0.5 um in design), further shrinkage of W,,inq40w as small as 0.1 um will
be possible when the condition of EB lithography is well optimized. According to Fig. 3.8,
TDDs theoretically become smaller than ppanker X 1072, on the order of 10° cm? assuming
Pbhlanker Of 1 X 10° cm?, in the case of APR < 0.11. It is notable that the TDD reduction on
the order of 10° cm? will be achieved in coalesced Ge originated from both {113}-facetted
SEG Ge and round-shaped SEG Ge. This suggests that the cross-sectional structure is not
very important when APR is as small as 0.1, but APR itself and suppression of Ge growth on
SiO, will be dominant factor to reduce TDDs.

There are two ways to reduce APR: reduction of W,,;,4,,, and enlargement of W,,,sx. The
minimum limit of W,,;,,40, is determined by resolution of lithography, and the maximum limit
of W4k is determined by acceptable growth time. Figure 5.9 shows the thickness of blanket
Ge when SEG Ge layers coalesce as a function of W,i,40,, and W, at 700 °C. In the case
for present study, 2 um is the upper limit for the thickness of blanket Ge grown at 700 °C.
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Figure 5.9: The thickness of blanket Ge when SEG Ge layers coalesce as a function of Wy,;ngow and Wy, s at
700 °C

The black solid line in Fig. 5.9 indicates where the thickness of blanket Ge = 2 ym. Thus,
Wiyvindow narrower than 200 nm is required to fabricate SiO, masks with APR < 0.1.

In order to fabricate SiO, masks with APR < 0.1, an i-line stepper (photolithography
with reduction projection lens) was attempted as well as EB lithography. Figure 5.10 shows
schematic illustration of (a) EB lithography system and (b) i-line stepper. An i-line stepper
with 5x reduction optical system and a reticle with 1-um-wide line-shaped windows were
employed to fabricate SiO, masks with W,,,40 0f 200 nm wide. Exposure time was varied
from 200 msec to 520 msec in order to find a suitable exposure time for 200-nm-wide
line. Shorter exposure time brings narrower W,,;,40w, and longer exposure time brings wider
Window. Process conditions are summarized in Table 5.3.

Figure 5.11 shows top-view SEM images of SiO, masks with (a) continuous lines and
(b) intermittent lines. Whitish areas are where Si substrate is covered by SiO,, and blackish
areas are where Si substrate is exposed. It is shown that continuous lines were successfully
fabricated when exposure was such strong that W,,;,40,» becomes 500 nm, as shown in Fig.
5.11 (a). However, the SiO, mask becomes intermittent lines where the exposure was such
weak that W,,in40 becomes 400 nm, as shown in Fig. 5.11 (b). Since i-line (1 = 365 nm) was
used for exposure, the W,,in40, as narrow as 400 nm would be strongly affected by interference.

In addition, it is notable that the in-plane uniformity is more critical than exposure time:
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Figure 5.10: Schematic illustrations of (a) EB lithography system and (b) i-line stepper (photolithography with
reduction projection lens)

Table 5.3: Process conditions for photoresist coating, lithography, and development.

Process Temperature Time Note
Surface cleaning Room temp. - Dip into piranha solution and blow by N; gas
OAP coating Room temp. 5 — 50 sec Spin 50 — 3000 rpm
ip-3100 coating Room temp. 8 — 5 — 25 sec Spin 200 — 500 — 5000 rpm
Exposure Room temp.  400-520 msec Dose: 100 mJ/cm? at 200 msec
Post-exposure bake 110 °C 90 sec
Development Room temp. - Fully automated
Post-development bake 110 °C 5 min

Ashing Room temp. 90 sec To make sharp edges
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Figure 5.11: Top-view SEM images of SiO, masks with (a) continuous lines and (b) intermittent lines. Exposure
time was 470 msec for both of (a) and (b).

exposure time was 470 msec for both Figs. 5.11(a) and (b). Such in-plane un-uniformity
would be ascribed to the un-uniformity of the thickness of photoresist.

Since it is difficult to reduce APR simply optimizing the conditions of lithography, here I
would like to propose processes to make SEG masks with small APR by converting Wy,indow
and W,,,sk. Figure 5.12 shows schematic illustrations showing two processes to convert
Wiindow and Wik.

Figures 5.12 (a)—(c) show conversion of W40 and W,,,sx employing lift-off process.
First make line-and-space shaped photoresist employing EB lithography or photolithography
(Fig. 5.12 (a)), and then deposit SiO, over the photoresist (Fig. 5.12 (b)). By removing the
photoresist together with SiO; deposited on the photoresist (lift-off), Si substrate is exposed
only where the photoresist located (Fig. 5.12 (c)). The finally determined W,,;;,40, depends on
the width of the photoresist, which can be easily reduced by over dose during the lithography
using positive photoresist. Note that photoresist should be stand, i.e., aspect ratio should be
small enough not to collapse. Considering lift-off process, physical vapor deposition (PVD)
such as sputtering is preferable to deposit SiO, compared to CVD because SiO, is deposited
on sidewalls when CVD is employed.

Figures 5.12 (d)—(f) show conversion of W,,;,40,» and W,k employing local oxidation of
Si (LOCOS) process. First line-and-space shaped SiN, masks employing EB lithography and
dry/wet etching process (Fig. 5.12 (d)). Formation of thin pad SiO; layer is preferable to
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Figure 5.12: Schematic illustration showing conversion of Wy,indow and Wy, 451 employing (a)—(c) lift-off process
and (d)—(f) LOCOS process

avoid strain accumulation at the Si under the SiN, masks. When Si substrate with SiN, masks
are thermally oxidized, thermal oxidation occurs only where Si substrate is exposed, but not
where SiN, masks located (Fig. 5.12 (e)). By removing the SiN, masks using phosphoric
acid at high temperature, Si growth seed appears where SiN, masks located (Fig. 5.12 (f)).
The finally determined W,,;,4,,, depends on the width of the SiN, masks, and thus it can be
reduced by over dose during EB lithography using positive photoresist.

In addition to the reduction of APR as described above, note that combinations with post-
growth annealing at high temperatures [54] and/or narrowing of SEG windows on the order
of 10 nm [120] would be also effective to reduce TDDs. l.e., the image-force-induced TDD
reduction method is compatible with other conventional TDD reduction method.
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6 TEM Observations of TDs in Coalesced Ge

According to the theoretical model, it is predicted that the reduction of TDDs shown
in previous section would be ascribed to bending of TDs in SEG/coalesced Ge layers
resulting in termination of TDs at voids. In this chapter, cross-sectional/plan-view
TEM observation results of SEG Ge, coalesced Ge, and blanket Ge layers are
described in order to verify the theoretical model in terms of trajectories of TDs.
In addition to that, unique behaviors of TDs are observed in coalesced Ge, and the
mechanism of the unique behaviors are discussed in later part of this chapter.

6.1 Experimental Procedure: TEM Observations

TEM specimens from SEG Ge layers were fabricated employing Ar ion milling. Ar ion
was injected from top surface to bottom surface of the SEG Ge layers. The thickness of
the TEM specimens are not exactly obtained, but should be on the order of 100 nm because
dislocations in Ge epitaxial layers could be observed under the acceleration voltage of 200
kV. Thermosetting resin layers were formed on the top surfaces of SEG Ge layers in order to
protect the SEG Ge layers.

TEM specimens from coalesced/blanket Ge layers were picked up from target areas using
focused Ga ion beam (FIB micro sampling method), and then polished in an ion milling
system using Ar ion. TEM specimens with the thicknesses of 150-500 nm were prepared for
observations on (110) cross-section, which is the cross-section perpendicular to both SEG
masks and growth surfaces (schematically shown in Fig. 6.1 (a)). For plan-view observation,
TEM specimens of 200 nm thick were prepared (schematically shown in Fig. 6.1 (b)).
The thicknesses of the TEM specimens were given by SEM observations during FIB micro
sampling. In particular, top 200 nm of the Ge layers were observed by plan-view TEM: top
surfaces of the Ge layers were protected by amorphous layers, and then thinned down from
the bottom (substrate) side of the Ge layers.
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Figure 6.1: Schematic illustrations of TEM specimens for (a) cross-sectional and (b) plan-view TEM observa-
tions.

Cross-sectional and plan-view TEM observations were carried out using a JEM-2010HC
(JEOL, Japan). Cross-sectional bright-field STEM observations were carried out to observe
the thick (500 nm) TEM specimens. Acceleration voltage of 200 kV was employed for all
TEM and STEM observations.

6.2 Cross-Sectional TEM Observations

6.2.1 TDs in SEG Ge; before coalescence

Figures 6.2 (a)—(c) show bright-field (110) cross-sectional TEM images of blanket/SEG Ge
layers grown at 600 °C. Figure 6.2 (a) shows a TEM image taken for a blanket Ge (planar
growth) of 1.4-um-thick. A dislocation in [001] direction, i.e., vertical to the (001) growth
surface, is observed. Figures 6.2 (b) and (c) show the side edges of SEG Ge layers. The
SEG Ge layers are surrounded by {113} and {111} facets because of relatively low (600 °C)
growth temperature.

In the SEG Ge layers, TDs normal to the non-planer surfaces ({113} and {111} facets)
are observed, which are not observed in the planer Ge growth (Fig. 6.2 (a)). Traces of the
TEM images are shown in Figs. 6.2 (d)—(f), showing the TDs as red lines. Figures 6.2 (d),
(e) and (f) correspond to traces for Figs. 6.2 (a), (b) and (c), respectively. It is clearly shown
that the TDs are bent to be normal to the growth surfaces, (001) in Figs. 6.2 (a) and (d), (113)
in Figs. 6.2 (b) and (e), and (111) in Figs. 6.2 (c) and (f). This behavior of TDs agree with
the prediction given in chapter 3 considering image-force-induced TD bending, and thus the
obtained TEM results support the theoretical model.

At the edges of the SEG Ge layers, i.e., in Figs. 6.2 (b) and (c), it is shown that Ge (blackish
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Figure 6.2: (a)—(c) Bright-field (110) cross-sectional TEM images of Ge selective epitaxial layers and (d)—(f)
their schematic traces: (d), (e), and (f) correspond to (a), (b), and (c), respectively.

area) diffuse into Si substrate. This would be ascribed to accumulation of strain at the SEG
edges.

6.2.2 TDs in coalesced SEG Ge

Figure 6.3 (a) shows a bright-field (110) cross-sectional TEM image of a coalesced Ge layer
grown at 700 °C, where Wi,q0 = 0.66 um and W,,,;5r = 0.44 um. A 1.3-um-thick coalesced
Ge layer was observed showing voids located over the SiO, masks. It should be marked here
that there is no TD, which is usually propagating through the Ge layer in the vertical direction,
i.e., from the Ge/Si interfaces at the bottom to the top surface. Considering the thickness of
the TEM specimen (150 nm) and the width of the observed area (7 um), the absence of TD
in Fig. 6.3 (a) correspond to the TDD lower than 1 / (150 nm x 7 um) = 1 X 103 cm™2. In
addition to that, there are two defects above the voids as pointed by white arrows in Fig. 6.3
(a). These defects are seen as black dots, which indicate that the defects are perpendicular to
the paper/display direction, i.e., the [110] direction here. The defects in the [110] direction
are observed in plan-view TEM images as well, as will be shown in later section.

A defect, which is bent and terminated on a surface of a semicylindrical void, was observed
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Figure 6.3: (a) A cross-sectional bright-field TEM image of coalesced Ge and (b) a cross-sectional bright-field
STEM image of a TD terminated by a void.
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in a 500-nm-thick specimen using bright-field cross-sectional STEM (Fig. 6.3 (b)). Such a
thick specimen was prepared because of low density of dislocations in the coalesced Ge layers
as shown in Fig. 6.3 (a). The dislocation is a very example of a TD that we predicted in the
theoretical model on a qualitative basis. The observed trajectory of TD is, however, not exactly
same as the calculated TD behavior shown in Fig. 3.4. The difference between the calculated
trajectory and experimentally observed one would be related to the TD transformation to other
type of dislocation to minimize the energy after the growth, such as cooling process from
growth temperature to room temperature. Tensile strain is accumulated in the Ge layer on Si
due to the mismatch of thermal expansion coefficient between Ge and Si [45], and there should
be relaxation of tensile strain at the sub-surface layer of the voids, which would motivate TDs
to glide. The strain and its accumulation in coalesced Ge layers will be described in later
section. There is also a dislocation in the [110] direction above a void, as pointed by the white
arrow in Fig. 6.3 (b).

A different type of defect was observed in the bright-field cross-sectional STEM, as
shown in Fig. 6.4 (a). This defect seems not the one predicted in Fig. 3.4 but the one
generated when the SEG Ge layers coalesce. In previous reports, it has been reported that
two-dimensional (2D) defects such as stacking faults and twins are generated when SEG Ge
layers coalesce. [80,94-97,118] However, the defect shown in Fig. 6.4 (a) is a dislocation but
not a 2D defect because of its curved trajectory. One more type of dislocation was observed
near the void as shown in the bright-field cross-sectional TEM image of Fig. 6.4 (b). The
defect would be generated at the voids, although the generation point would be removed
during the preparation of the TEM specimen. Thus, the defect would be generated at the
surface of the void and propagates to the top surface. The defect in Fig. 6.4 (b) is close to be
straight, but not on the {111} plane. In order to verify the defect in Fig. 6.4 (b) is whether a
dislocation or a 2D defect, an electron diffraction pattern was obtained near the defect in Fig.
6.4 (b) as shown in Fig. 6.4 (c¢). In Fig. 6.4 (c), no streak pattern is present, which indicates
that there should be no 2D structure and that the defect is a dislocation. This is against the
previous reports showing 2D defects at the coalescence part. [80,94-97,118] The absence of
2D defects in the cross-sectional TEM supports our prediction that the free surfaces of the
voids contribute to the strain release otherwise ending with the misorientations between SEG
Ge layers. This is consistent with a previous report suggesting no 2D defects for the SEG Ge
with voids on the SiO, masks. [101]

6.3 Plan-View TEM Observations
Figures 6.5 (a) and (b) show bright-field plan-view TEM images of a coalesced Ge layer

Wyindow = 0.82 um, Wy, = 0.68 um) and a blanket Ge layer, respectively, grown on the
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Figure 6.4: Examples of bright-field (110) cross-sectional (a) STEM and (b) TEM images showing TDs around
semicylindrical voids with incident electron beam slightly tilted from the [110] zone axis, and (c) an electron
diffraction pattern obtained around TD seen at the center of (b).

same wafer at 700 °C. Both TEM images were taken for the top 200 nm regions of Ge layers
as indicated by black dashed squares in the schematic cross-sectional illustration at the top of
Fig. 6.5. The coalesced Ge in Fig. 6.5 (a) was grown over the SiO, mask stripes aligned to the
[110] direction. The plan-view TEM image in Fig. 6.5 (a) was taken for a 5 um X 5 um area.
Since one pair of a SiO, mask and a Ge growth window is 1.5 um, Although it is difficult
to recognize SEG masks laying underneath, there should be more than three SiO, masks
and three Si window areas in the TEM image. Despite of the possible non-uniformity in the
window width for the growth, the Ge epitaxial layer is quite uniform near the top surface after
the coalescence. In other words, the Ge epitaxial layers over the SiO, masks and Si windows
are difficult to distinguish in the TEM image. It is found that TDDs obtained from Figs. 6.5
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Figure 6.5: Examples of bright-field (001) plan-view TEM images taken for (a) coalesced Ge layer and (b)
blanket Ge layer. Top 200 nm of the Ge layers are observed as schematically shown by black dashed squares.
The electron beam is slightly tilted from the [001] zone axis.

(a) and (b) are 3.2 x 10’ cm™2 and 1.1 x 10% cm™2, respectively. As described in previous
section, EPD measurements reveal that TDD in the coalesced Ge layer (W,,ingow = 0.82 um,
Winask = 0.68 um) is 4 X 107 cm~2. Thus, TDD in Fig. 6.5 (a) shows a good agreement with
the EPD result. It is also notable that neither EPD measurements nor TEM observations show
TDD re-increase reported in the ART work [80]. This suggests that the existence of voids on
SEG masks is effective to suppress TDD re-increase. It should be remarked that a large (4
um X 4 um) TD-free area is realized, as shown in Fig. 6.5 (a). Compared to the blanket Ge
shown in Fig. 6.5 (b), which shows TDs with a relatively uniform distribution, the coalesced
Ge has high and low TDD areas. This ununiformity of TDD in coalesced Ge suggests that
there would be further room of improvements in the coalesced Ge, which would be influenced
by uncontrolled parameters.

Comparing Fig. 6.5 (a) with Fig. 6.5 (b), it is obvious that the lengths of the defect lines in
Fig. 6.5 (a) are longer than those in Fig. 6.5 (b). The defect lines in Fig. 6.5 (a) are typically
1 um long in the [110] direction, i.e., parallel to the SiO, masks. There are two possible
explanation for defects showing the long lines; (i) 2D defects and (ii) dislocations inclined
in the [110] direction. However, (i) 2D defects should be denied in this case because the
widths of the observed defects are too narrow as the 2D defects on {111} planes according to
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previous reports [80,94-97, 118]. Considering the thickness of the TEM specimen (200 nm)
and the angle between the {111} and (001) planes (54.74°), the defect lines should be 140 nm
wide if the defects are 2D defects. In Fig. 6.5 (a), the widths of the defect lines are obtained
to be 10-20 nm. Thus, (ii) dislocations inclined in the [110] direction should be responsible.
A simple geometrical calculation gives the angle between the dislocation and (001) planes:
tan~!(200 nm / 1 um) = 11.3°. Note that TDs in the blanket Ge without the post-growth
annealing tend to be directed to be almost vertical to the substrate [54, 89], resulting in small
black dots in the TEM image, as shown in Fig. 6.5 (b).

For more detailed analysis of the inclined TDs in plan-view TEM, a small area showing
relatively high dislocation density (~1 x 10 cm™2) was intentionally observed, as in Fig.
6.6. Similar to Fig. 6.5 (a), the top 200 nm of coalesced Ge layer was observed. Figures 6.6
(a) and (b) show dark-field (g = [220] and [220]) plan-view TEM images taken at the same
area. Four inclined dislocations were observed in the high dislocation density area as shown
in Fig. 6.6 (a). Figure 6.6 (b) reveals that the red-circled inclined dislocation disappears
when g = [220], indicating that the dislocation is a screw dislocation. The other three of the
inclined dislocations (white circled ones) are ascribed to the mixed dislocations because they
did not disappear whatever diffraction vector g was chosen. Although the exact locations
of the voids/SEG masks laying underneath cannot be determined, the dislocations inclined
in the [110] direction would tend to be above the voids/SEG masks, taking into account the
dislocations observed as black dots in Fig. 6.3.

6.4 Discussions: Coalescence Induced Generation/Bending of
TDs

There are two possible mechanisms for the inclined TDs: (A) TDs generated at Ge/Si interfaces
are inclined in the [110] direction and (B) the inclined TDs are generated when the SEG Ge
layers coalesce.

For the mechanism (A), Fig. 6.7 (a) shows a plan-view SEM image showing the coalescence
of SEG Ge layers partially occurs. Reflecting the edge undulation of line-and-space patterns
formed by the EB lithography, the coalescence starts at some points, and then proceeds in
the [110] and [110] directions above the SiO, masks. Figure 6.7 (b) shows a schematic
illustration of (110) cross-section along the line A-A’ in Fig. 6.7 (a). White lines in Fig. 6.7
(b) indicate the evolution of Ge growth. The yellow-colored area shows Ge layers already
grown in Fig. 6.7 (a), and the light green area shows Ge layers to be grown after Fig. 6.7 (a).
The red solid line in Fig. 6.7 (b) shows a TD. TD generated at a growth window appears over
the void, penetrating laterally to the sidewall of coalesced Ge due to the image force. This
leads to TDs inclined in the [110] direction. Both edge and screw TDs should be generated
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Figure 6.6: (001) dark-field plan-view TEM images of a coalesced Ge layer. A red-circled dislocation shown in
() (g = [220]) is not shown in (b) (g = [220]) indicating that the red-circled dislocation is a screw dislocation. On
the other hand, white-circled dislocations do not disappear with any g vectors indicating that the green-circled
dislocations are mixed dislocations.

considering the Burgers vectors of TDs generated at the Ge/Si interfaces. As in a previous
report [121], edge misfit dislocations (MDs) are aligned in the [110] or [110] direction. The
Burgers vectors are a/2[110] or a/2[110] (a: the lattice constant) for the threading segments
of MDs in the [110] direction (MDy (), whereas the vectors are a/2[110] or a/2[110] for MDs
in the [110] direction (MD,j,). Edge TDs are formed when the TDs from MD110 inclined
to the [110] direction, and screw TDs are formed when the TDs from MD 1, inclined to the
[110] direction.

For the mechanism (B), Fig. 6.8 shows schematics of defect generation when the SEG
Ge layers coalesce. As reported previously [97], the misorientation between adjacent SEG
Ge layers should generate defects at the coalescence interface. Misorientation between two
SEG Ge layers in the [110] direction can be categorized into three types of rotations; the
rotation on the [110] direction (Fig. 6.8 (a)), the one on the [001] direction (Fig. 6.8 (b)),
and the one on the [110] direction (Fig. 6.8 (c)). In Fig. 6.8, the coalescence of a SEG Ge
layer with the adjacent SEG Ge layer with misorientation (m-Ge) is assumed. The rotation
on the [110] direction in Fig. 6.8 (a) results in the generation of edge dislocations in the [110]
direction at the twin boundary of {111} plane [97]. Similarly, as in Fig. 6.8 (b), the rotation
on the [001] direction result in the edge dislocations in the [001] direction. On the other hand,
rotation on the [110] axis in Fig. 6.8 (c) results in generation of screw dislocations, being
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Figure 6.7: (a) A plan-view SEM image showing the beginning of coalescence of SEG Ge layers and (b) a
schematic illustration of (110) cross-section along the line A—A’ in (a) showing the evolution of Ge coalescence.
In (b), a TD inclined to [110] direction is also shown (red solid line), and the yellow area shows Ge layers already
grown in Fig. 6.7 (a) whereas the light green area shows Ge layers to be grown.

similar to the direct bonding of Si (001) surfaces [122]. The screw TDs in Fig. 6.6 (a) could
be ascribed to the rotation on the [110] direction. The mixed TDs in Fig. 6.6 (a) could be
ascribed to the combination of these rotations. Assuming that the misorientation generates
dislocations at a density of 1x107 cm™2, the average angle of the misorientation is estimated to
be 0.034° [123]. In addition, it have already been reported that micro-beam X-ray diffraction
reveals fluctuations of orientation in a line-shaped SEG Ge layer for 100 arcsec (= 0.028°)
in line direction [124]. The reported fluctuations of orientations in SEG Ge layer agree well
with the estimated angle of misalignment, supporting the mechanism (B).

The inclined TDs should be located above semicylindrical voids if the TDs were generated
by the above two mechanisms. In fact, the cross-sectional TEM images in Figs. 6.3 (a)
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Figure 6.8: Schematic illustrations showing defect generation at the coalesced interface of SEG Ge layers. (a)
Rotation on the [110] direction, (b) rotation on the [001] direction, and (c) rotation on the [110] direction.
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and 6.3 (b) showed that these inclined dislocations are located above the voids, although
the mechanisms (A) and (B) cannot be discriminated. Further analyses on the (110) cross-
sectional TEM observations ((110) cross-section in this study) would be effective; in the case
of the mechanism (A), the inclined TDs would disappear near the voids, reflecting the TDs are
originated from the Ge/Si interfaces, whereas in the case of the mechanism (B), the inclined
TDs should penetrate the Ge layer from the semicylindrical void to the top surface.
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7 Material Propaties of Coalesced Ge for
Light-Emitting Device Applications

In order to employ coalesced Ge layers as a light-emitting device material, tensile
strain and n-type doping is required as described in section 1.3. In this section,
characterization of tensile strain in coalesced Ge and description about n-type
doping employing thermal diffusion of phosphorous (P) will be shown. It will be
also described in this section that coalesced Ge has an advantage over blanket Ge
in terms of optical loss during light propagation in active Ge layers. A reduction
of optical loss will bring a reduction of laser threshold.

7.1 Tensile Strain in Coalesced Ge

Introduction of tensile strain in Ge bring a shrinkage of energy gap between I" valley (direct
gap) and L valley (indirect gap), leading Ge to be more "direct-like" material as described
in section 1.3.2. Application of tensile strain in Ge bring a shrinkage of I'-I" energy gap as
well, and thus tensile strain of ~0.2 % is preferable to the on-chip laser working in optical
communication wavelength (~1.6 um). It is already reported that 0.1-0.2 % built-in tensile
strain is induced in blanket Ge, resulting in I'-I" energy gap of 1.6 um [11]. The built-in
tensile strain is ascribed to the mismatch of thermal expansion coefficient between Ge and
Si[11], i.e., the tensile strain is induced in Ge during cooling down from growth temperature
(500-700 °C) to room temperature. In coalesced Ge layers, however, the built-in tensile strain
can be smaller than blanket Ge because the contact area of Ge and Si is reduced compared to
blanket Ge. In addition to that, there can be strain dispersion in coalesced Ge because of the
presence of voids on SiO; masks.

7.1.1 Strain Simulation by Finite Element Method

Simulation for tensile strain induced in blanket/coalesced Ge layers were carried out employ-
ing finite element method (FEM). Figure 7.1 (a) shows a FEM simulation result showing
distribution of strain in [110] direction induced in a coalesced Ge, where W,indow = 0.5 um,
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Winask = 0.5 um, and 1-um-thick grown at 700 °C. It is obviously shown that the tensile strain
is accumulated at the top of the void, indicated by red color, and almost relaxed at the bottom
of the void, indicated by blue color. At the top surface, on the other hand, almost uniform
tensile strain of 0.21 % is applied as indicated by green color. Such accumulation of tensile
strain has widely been observed in Ge microbridges [46, 125]. Since the cross-sectional shape
of the coalesced Ge is similar to a one dimensional microbridge, the accumulation of tensile
strain at the top of the voids is reasonable.

In the viewpoint of application for light emitter, light is confined in relatively high effective
refractive index (n.ss) area, where Ge on Si seeds. In Ge on Si seeds, 0.1-0.2 % tensile strain
is almost uniformly induced in Ge, which is preferable to application for light emitter, as
described in section 1.3.

The magnitude of strain in Ge on Si seeds depends on APR, as shown in Fig. 7.1 (b).
As APR decrease, the influence of low-strain area at the bottom of the voids become larger,
resulting in the decrease of strain in Ge on Si seeds. Although the strain is reduced as APR
decrease, 0.1-0.2 % tensile strain is induced in Ge on Si seeds in the range 0.5 < APR < 1,
which is fabricated in this work.

7.1.2 Experimental Measurements of Strain in Coalesced Ge Layers

In general, Raman spectroscopy and XRD are used to measure strain in semiconductor crystal
including Ge epitaxial layers on Si. However, since X-ray (Cu Ka line) deeply penetrate
into Ge and Si for tens of um, the full-width half-maximum (FWHM) is expanded owing to
the strain distribution shown in Fig. 7.1. Thus, Raman spectroscopy was employed using
excitation laser of 457 nm, penetration depth in Ge is 10-20 nm, to measure the strain in
coalesced Ge.

Since Raman peak positions and Raman peak shift due to strain depend on machine
calibration, exact peak position for Raman scattering from Ge-Ge bond and coefficient of
peak shift due to strain are required to be determined. In order to determine the exact peak
position and coefficient of peak shift, tensile strain in a blanket Ge layer was determined by
(004) and (224) XRD measurements. As the result, tensile strain in blanket Ge was determined
to be 0.1948 %. Then, Raman spectroscopy measurements were carried out on a Ge wafer
(strain = 0 %) and a blanket Ge, as shown in Fig. 7.2. The Raman measurement results reveal
that the Raman scattering from strained Ge-Ge bond wgg is expressed as Eq. (7.1), in our

equipment at that time.
wee =299.11 - 516.7¢ (7.1)

where ¢ is the strain (%) in Ge. Note that the obtained correlation is similar to the one
previously reported in Ref. [126], wgg = 298.5 — 384¢, in the range of Raman measurements
carried out to observe Ge-Ge peak, 290-310 cm~L.
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Figure 7.1: (a) A FEM simulation result showing strain profile in coalesced Ge, and (b) strain in coalesced Ge
as a function of APR
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Figure 7.2: (a) Raman spectra for a Ge wafer (black), blanket Ge (red), and coalesced Ge (blue), and (b)
comparison between experimental results and simulation

Using the relation in Eq. (7.1), strain in coalesced Ge layers were measured. Typical
Raman spectrum for coalesced Ge (Wyingon = 0.66 um, W5 = 0.34 um in design) is
shown as blue line in Fig. 7.2 (a). The obtained strain in coalesced layers are compared
with simulation results, as shown in Fig. 7.2 (b). Strain in coalesced Ge is 20—40 % smaller
than the simulated strain, and 10-30 % smaller than the strain in blanket Ge. Although the
strain in coalesced Ge is smaller than blanket Ge, tensile strain larger than 0.1 % is induced
in coalesced Ge where APR > 0.6.

In addition to strain, crystal quality can be quantitatively evaluated from the full-width
half-maximum (FWHM) of the Raman spectra. I.e., FWHM decreases as TDD decreases, as
reported in Si [127]. In the case for Si [127], TDD larger than 108 cm™2 can be evaluated by
FWHM of Raman spectra. From the Raman results shown in Fig. 7.2 (a), FWHM for the Ge
wafer, blanket Ge, and coalesced Ge are obtained for 3.78 cm™!, 3.95 cm™!, and 3.71 cm™!,
respectively. The coalesced Ge shows FWHM smaller than blanket Ge, and even smaller than
Ge wafer, probably owing to the low TDD in coalesced Ge.

7.1.3 Characterization of Coalesced Ge Layers by Macro-XRD

20-w XRD measurements were carried out in order to characterize the crystallinity of coa-
lesced Ge layers. X-ray was injected through slit of 2 mm wide, and thus the XRD results are
obtained from mm-sized square and averaged. Figure 7.3 shows the 26-w curve obtained from
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Figure 7.3: 20-w XRD results obtained from blanket Ge (black) and coalesced Ge of W,,,5x = 0.6 um in design
(blue; Wyindow = 0.6 um in design, red; Wyyingow = 0.8 pum in design).

blanket Ge (black) and coalesced Ge of W45 = 0.6 um in design (blue; W,ing0w = 0.6 umin
design, red; W indgow = 0.8 um in design). The peaks around 66° show XRD from Ge layers,
and the peaks around 69° show XRD from Si substrates. It is found that coalesced Ge layers
show steep rising-up/dropping-down with larger peak width. The steep rising-up/dropping-
down of the peak around 66° implies good crystallinity. The larger peak width suggests that
there is strain dispersion in coalesced Ge.

7.1.4 Characterization of Local Strain in Coalesced Ge Layers by 1-XRD

In order to characterize the local strain in coalesced Ge layers, XRD with micron-sized X-ray
was carried out at SPring-8, Hyogo, Japan. The spot size of X-ray was as small as 0.44 ym X
2.4 um when the measurements were carried out. Figure 7.4 shows a schematic illustration
of scan direction Z during the u-XRD measurements. The gray narrow rectangles indicates
SiO, masks underneath. Thus, the focused X-ray crossed the SiO, masks, expecting the
difference between Ge on Si seeds and Ge on voids.

w scan was performed scanning in Z direction, and the w-Z map is shown in Fig. 7.5.
Although the spot size of X-ray in Z direction was narrower than the W,,;,40,» and W45k, n0o
periodicity is shown in the w-Z map. This would be because the strain field by a dislocation
is wider than W40 OF Wyask. Strain spreading wider than W,i,q0, Or Wyyasx would affect
w scan, making the periodicity obscure. In addition to that, comparing the coalesced Ge with
blanket Ge, coalesced Ge layers obviously show wider FWHM than blanket Ge. This would
be ascribed to the strain distribution in coalesced Ge, as shown in Fig. 7.1.
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Figure 7.4: A schematic illustration of scan direction Z during the u-XRD measurements

7.2 N-Type Doping by Thermal Diffusion

N-type doping as high as 1 x 10! cm™ is required to use Ge as an optical gain material, as
described in section 1.3. Phosphorous (P) has widely been used as an n-type dopant in Ge
because of its high solid solubility in Ge, as high as 10?° cm™3 [128]. In-situ doping method
has been employed to fabricate heavily n-type doped Ge [129]. However, in-situ doping
method has a trade-off between doping level and crystal quality. It has been reported that
n-type dopants (P) diffuse out of Ge as growth/anneal temperature exceeds 650 °C [130, 131].
In terms of TDD in Ge, growth temperature higher than 700 °C is effective to reduce TDD.
Thus, the doping level and crystal quality is in trade-off relation, as will be shown in Fig. 7.8.

Besides in-situ doping, there are methods to dope in Ge; ion implantation and thermal
diffusion. Ion implantation method is, however, not suitable for light emitter because the
impact of ion implantation destructs crystal structure, resulting in severe decrease of light
emission intensity [131].

Thus, a thermal diffusion method was employed to dope P into coalesced Ge in this study.
Since a Si capping layer works as a barrier for P diffusion [132], Si capping layers were
removed using 2.38 % TMAH before the P diffusion processing. Phosphosilicate glass (PSG)
was employed as a dopant diffusion source. PSG layers were deposited on Ge epitaxial layers
on Si by a sub-atmospheric chemical vapor deposition (SACVD). Tetraethyl orthosilicate
(TEOS) and triethylphosphate (TEPO) were employed as source gases, and the deposition
was carried out at 480 °C. Deposited PSG layer was 450-nm-thick, and P concentration in
the PSG layer was ~ 4 x 10! cm™3 according to secondary ion mass spectroscopy (SIMS)
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Figure 7.5: w-Z map obtained from (a) coalesced Ge (Wyingow = 0.6 um, Wy, = 0.5 um in design),
(b) coalesced Ge (Wyyingow = 0.8 um, Wy ask = 0.6 um in design), (c) coalesced Ge (Wyingow = 0.6 um,
Winask = 0.5 um in design), and (d) blanket Ge.
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Figure 7.6: Schematic illustrations of P diffusion process; (a) Ge epitaxial layer on Si, (b) PSG deposition, (c) P
thermal diffusion into Ge, and (d) n-type Ge as the result of diffusion.

measurements. Thermal diffusion was carried out at 850 °C for 5 min, in order to obtain
uniform and dense P profile in Ge. Schematic illustration of PSG deposition/diffusion process
is shown in Fig. 7.6. The PSG layer was removed by buffered-HF as the P diffusion process
finished.

As the result of thermal diffusion at 850 °C for 5 min, uniform P concentration of ~ 1x 10°

cm™3

was observed in a ~900-nm-thick Ge, as shown in Fig. 7.7. Such a uniform and dense
doping is necessary to achieve Ge lasers. In addition to the P diffusion from PSG, Si diffuse
into Ge from substrate as the result of thermal diffusion annealing, and Sipo;Gegog9 was
formed where 100 nm from the bottom. The formation of Si,Ge;_, has a good effect on
light emission from Ge because the formation of Si,Ge;_, would be effective to passivate

defect-rich Ge/Si interfaces as reported in Ref. [64].

Figure 7.8 shows the correlation between growth/annealing temperature and doping con-
centration. Previously reported doping concentration in in-situ doped Ge (black opened
circles) decreases as the growth temperature increases, which is ascribed to P out-diffusion.
The thermal diffusion method, shown as the yellow star in Fig. 7.8, could overcome the trade-
off relation between process temperature and doping concentration. The high temperature
(850 °C) annealing bring two positive effects on light emission from Ge: improvement of
crystal quality and enhancement of tensile strain. In addition to that, in the case for coalesced
Ge, high temperature annealing bring a great PL. enhancement probably due to out-diffusion
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Figure 7.7: SIMS profiles of Si, Ge, and P in P-diffused Ge

of point defects. The enhancement of PL induced by the high temperature annealing will be
described in section 8.

7.3 Optical Propagation Mode Push-Up in Coalesced Ge

The confinement of light in the coalesced Ge should be much different from the structures
in the previous studies using Ge channel waveguides on Si [41-43] in terms of the presence
of air voids with the low refractive index at the bottom Ge/Si interfaces. Figure 7.9 shows
the simulated profiles of electric field strength in the transverse-electric (TE) mode with the
wavelength of 1.55 um for the Ge reverse-rib structure in this study (Fig. 7.9 (a)) as well as
those for the previous studies (Figs. 7.9 (b) and 7.9 (¢)) [41,42]. For the Ge coalesced Ge
shown in Fig. 7.9 (a), the air voids are found to be responsible for the confinement of light in
the lateral direction, operating as an inverted-rib cross-sectional optical waveguide. It is also
found that, compared with the results for the previous structures, the light is confined slightly
apart from the Ge/Si interfaces. This would be effective to reduce the effect of NRR at the
defect-rich Ge/Si interfaces due to the lattice mismatch between Ge and Si as large as 4 %.
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Figure 7.8: Correlation between growth/anneal temperature and active doping concentration. Black opened
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The confinement factor in Ge, I'ge calculated as Eq. (7.2), is 99.91 % for the coalesced in
Fig. 7.9 (a).

_ ffGe SGeEzdxdy
- /foo g E2dxdy
This value is significantly larger than the previously reported channel waveguide structures
employed in Ge lasers, which are shown in Figs. 7.9 (b) and 7.9 (c) (96.83 % and 89.54 %,
respectively). Furthermore, the coalesced Ge has an advantage in terms of the reduction of

IGe (7.2)

sidewall roughness. Since the sidewalls of Ge/air interfaces are formed during crystal growth,
the sidewalls are formed by automatically-flat facet planes. Such automatically-flat sidewalls
should be useful for the reduction of propagation loss due to the light scattering, as reported
in waveguide researches [133—135]. These characteristics (spacial location of optical mode,
large I'Ge, and flat sidewalls) should have a positive effect to reduce optical losses, i.e., increase
of optical net gain.

Figure 7.10 shows the effect of air voids in terms of optical mode push-up in Ge layers
on Si. Since the voids on SEG masks (n = 1) reduce effective refractive index near Ge/Si
interfaces, the optical mode profile is pushed up toward the top surface and separated from the
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Figure 7.9: Optical propagation modes in (a) coalesced Ge, (b) optically pumped Ge laser reported by J. Liu, et
al., Opt. Lett., 35(5), 679 (2010), and (c) electrically pumped Ge laser reported by R. E. Camacho-Aguilera et
al., Opt. Exp.,20(10), 11316 (2012).
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Figure 7.10: Optical propagation modes push-up in coalesced Ge layers

Ge/Si interfaces, resulting in optical passivation of Ge/Si defect-rich interfaces. The effect
of optical mode push-up is shown in Fig. 7.10, showing fundamental TE mode profiles in
coalesced Ge layers of W,,,sx = 600 nm, where the thickness of the Ge layers were 300 nm,
same as the structure employed in [42]. According to the mode simulation, it is obviously
shown that the optical propagation mode in coalesced Ge is pushed up as the W4, become
narrower than 600 nm, i.e., APR become smaller than 0.5. Since the Ge/Si interfaces have
negative effects on light emission from Ge as reported in Ref. [66] and will be shown in
Appendix I, the mode push-up should have a positive effect on light emission from Ge on Si.

In terms of the reduction of J;j, the thinner Ge layers are the better. The coalesced Ge
layers used in the present study is ~1 um thick, which is 3—4 times thicker than the previously
reported Ge LDs [42,43]. Thinning process was not employed in order not to induce damage
in active Ge layers. Thus, thinning of the active Ge layers is an important further work.
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8 Light Emission From Coalesced Ge Layers

The improvement of crystal quality in coalesced Ge layers was described in section
3-6, and the tensile strain and n-type doping in coalesced Ge layers were described
in section 7. In this section, characterizations of light emission from coalesced Ge
are described using micro-photoluminescence (u-PL) systems (vertical excitation
and vertical detection) and optical pumping systems (vertical excitation and lateral
detection, as a feasibility study for light-emitting device applications.

8.1 PL from Coalesced Ge Layers at Room Temperature

u-PL measurements were carried out at room temperature in order to characterize the coa-
lesced Ge layers as a light emission material. Since TDs works as NRR centers, PL intensity
is conceivable to increase as TDD is reduced.

8.1.1 Measurement Setup

u-PL measurements were carried out at room temperature using a 785-nm laser. Figure 8.1
shows a schematic illustration of u-PL measurement system used at room temperature. The
sample surface was illuminated from the top. The diameter of 1/¢? intensity for the excitation
laser was approximately 2 um using a 50x objective lens. Note that the diameter of 1/¢?
intensity was wider than W,ingow + Winask, indicating that PL from Ge on Si seeds and from
Ge above SiO; masks are not separable. PL emitted from the top surface was collected by
the objective lens and detected through a grating with an extended InGaAs array detectors.
The InGaAs detectors were cooled down by liquid nitrogen, and can detect 800-2200 nm
wavelength range. A short pass filter was put before the excitation laser reaches beam splitter
in order to remove the noise at wavelength of 785 nm X 2 = 1570 nm (adjacent order of
diffraction). The excitation laser passing to the detector side was removed by long pass filters
located before grating (red dashed line in Fig. 8.1). The power of the excitation laser was 4.1
mW, corresponding to the power density of 130 kW/cm?.
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Figure 8.1: A schematic illustration of y-PL measurement system used at room temperature. Red arrow indicates
785-nm excitation laser, and blue arrow indicates PL from Ge.

8.1.2 Results and Discussions

Since the TDDs in coalesced Ge decrease as APR decrease (Fig. 5.6), and TDs work as NRR
centers in Ge, the PL from coalesced Ge was predicted to increase as APR decreases. Figure
8.2 (a) shows typical PL spectra from a Ge wafer (black), blanket Ge (blue), and coalesced Ge
of APR = 0.6 (red). It is clearly shown that the PL from coalesced Ge is lower than PL from
blanket Ge (APR = 1). For quantitative analysis, the integrated PL intensity in the direct-gap
wavelength range (1500-1700 nm) is shown in Fig. 8.2 (b) as a function of APR. PL from
coalesced Ge layers are obviously lower than PL from blanket Ge layers. These results suggest
that there are NRR centers in as-grown coalesced Ge, which are not related to TDs.

PL from coalesced Ge layers after thermal diffusion of P was observed as well, using the
same u-PL system. As shown in Fig. 8.3, the obtained PL from P diffused Ge was obviously
different from the one from as-grown Ge. The PL intensity increases as the result of P
diffusion, for both blanket Ge and coalesced Ge. The P diffusion results in PL. enhancement
in blanket Ge by a factor of 4, which is ascribed to the reduction of TDD and n-type doping,
as indicated by white arrow in Fig. 8.3 (a). In coalesced Ge, however, the P diffusion results
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Figure 8.2: (a) Typical PL spectra from Ge wafer and as-grown blanket/coalesced Ge. (b) Integrated PL intensity

(1500-1700 nm) as a function of APR.
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in PL enhancement by a factor of 10-50, and it is clearly shown that PL intensity increases
as APR decreases, as shown in Fig. 8.3 (b). This behavior, PL increase as APR decrease,
is the one expected from the TDD observation results. Such a drastic change in PL intensity
from coalesced Ge would be ascribed to the presence of NRR centers in as-grown coalesced
Ge, which are not related to TDs. IL.e., the NRR centers in as-grown coalesced Ge would be
removed during the thermal diffusion of P into Ge.

Point defects are a feasible reason for the NRR centers in as-grown coalesced Ge, which
are not related to TDs. It has been already known that point defects in semiconductors work
as NRR centers and shorten the carrier lifetime [136]. Since point defects are defects in
atomic-scale and one-dimensional, they are not able to be observed by EPD method nor TEM
observations. In addition to that, the measurement results in Fig. 8.3, showing that the NRR
centers in coalesced Ge are removed as the result of P diffusion, can be explained if the NRR
centers are ascribed to point defects. I.e., out-diffusion of point defects would be the reason
why the NRR centers disappeared as the result of high temperature annealing for P diffusion.
Since the diffusion coefficient for Ge self-diffusion in Ge, which is equal to the diffusion of
point defects in Ge, is 1/20 of that for P diffusion in Ge [137], P diffusion for 900 nm (as in
Fig. 7.7) correspond to the point defects diffusion for 200 nm. Such a long diffusion would
result in out-diffusion of the point defects in coalesced Ge, leading the enhancement of PL
intensity.

A remaining question is the source of the point defects. A possible reason for the introduc-
tion of point defects is the rapid growth of Ge when SEG Ge layers coalesce. As shown in Fig.
8.4, the growth rate of Ge was rapidly enhanced as the SEG Ge layers coalesce, as fast as ~30
nm/min. The growth rate on the top of SEG Ge layers was ~7 nm/min as indicated by green
arrow in Fig. 8.4, and the growth rate in [001] direction was ~14 nm/min as indicated by blue
arrow in Fig. 8.4. Therefore, the growth rate is enhanced for 2—4 times when SEG Ge layers
coalesce. Such a rapid growth would be ascribed to enhanced Ge supply at the coalescence
point: SEG Ge sidewalls are surrounded by stable facets and the Ge atoms landing on SEG
Ge accumulate to the coalescence point. In Ge epitaxial growth with relatively small growth
rate, Ge atoms migrate around the Ge growth surface to minimize free energy. In the case
for rapid growth, however, Ge atoms would be supplied before former Ge atoms find energy
minima. Thus, rapidly-grown Ge would have more point defects than Ge grown at slower
growth rate.

Although it is difficult to measure the concentration of point defects in Ge directly, the
carrier lifetime measurements will show the concentration of point defects as long as TDD is
the same. Thus, comparison of the carrier lifetimes in blanket Ge and coalesced Ge (both are
as-grown, same TDD) will be information in terms of the presence of point defects. This will
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Figure 8.3: (a) Typical PL spectra from Ge wafer and P diffused blanket/coalesced Ge. (b) Integrated PL
intensity (1500-1700 nm) as a function of APR.
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Figure 8.4: A (110) cross-sectional STEM image of a coalesced Ge layer with Sip3Gep 7 demarcation layers
showing difference of growth rates.

be an interesting future work.
8.2 Temperature Dependence of PL from Coalesced Ge Layers

8.2.1 Theoretical Background

Temperature dependence of PL reveals energy gap between I'-valley and L-valley in conduc-
tion band. As reported in GeSn, temperature dependence of PL changes from positive relation
to negative relation as band structure changes from indirect to direct [138]. Figure 8.5 shows
schematic illustrations of (a) indirect (bulk Ge) and (b) pseudo-direct (n-type doped) band
structure for Ge. In indirect bandgap (bulk) Ge, as schematically indicated in Fig. 8.5 (a),
some carriers in L-valley are thermally excited to I'-valley. Thus, PL from bulk Ge increases
as temperature increases. In n-type (pseudo-direct) Ge, as schematically indicated in Fig. 8.5
(b), excited carriers are already at I'-valley, and thus the PL from n-type Ge should be inde-
pendent of temperature, or might decrease as temperature increase due to phonon scattering.
In the case for 0.25 % tensile strained Ge, pseudo-direct bandgap is achieved with n-type
concentration of 3.5 x 10!'® cm™3 [139].

8.2.2 Measurement setup

Temperature dependence of PL from coalesced Ge layers were observed in the temperature
range of 4-200 K using a 532-nm laser. Figure 8.6 shows a schematic illustration of u-PL
measurement system used at low temperature (4—-200 K). The sample surface was illuminated
from the top, and the diameter of 1/e? intensity for the excitation laser was approximately 20
um. The diameter of 1/e? intensity was again wider than W,i,401w + Wiask, indicating that
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Figure 8.5: Schematic illustrations of (a) indirect (bulk Ge) and (b) pseudo-direct (n-type doped) band structure
for Ge.

PL from Ge on Si seeds and from Ge above SiO; masks are not separable. PL emission was
collected from the top and detected through a monochrometer with an InGaAs detector. The
InGaAs detector can detect 800—1700 nm wavelength range. The power of the excitation laser
was 490 mW, corresponding to the power density of 156 kW/cm?. Measured samples were
put in a chamber, and the chamber was vacuumed to be 0.6 Pa. The chamber was cooled
down to 4 K first, and then PL measurements were carried out by increasing the temperature
up to 200 K.

8.2.3 Results and Discussions

Figure 8.7 shows PL spectra obtained at 4-200 K from (a) P diffused coalesced Ge and (b)
bulk Ge, and (c) integrated PL intensity (1200—1700 nm) as a function of temperature. Both
P diffused coalesced Ge and bulk Ge shows PL peak around 1.4—-1.5 um. The observed PL
peaks are shifted to shorter wavelength compared to PL peaks at room temperature (as in Fig.
8.3 (a)). Such blue shift of PL peaks are ascribed to temperature dependence of bandgap of
Ge. Correlation between temperature (T [K]) and Ge direct bandgap (E, [eV]) is expressed

as Eq. (8.1) [140].
5.82

10* X T2 x (T +296)

E, =0.89 - 8.1)

As for the PL intensity, it is clearly shown that the P diffused coalesced Ge has smaller
dependence of integrated PL intensity on temperature compared to bulk Ge. However, the
PL intensity from P diffused coalesced Ge still has a positive correlation to temperature, i.e.,
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Figure 8.6: A schematic illustration of u-PL measurement system used at low temperature (4-200 K). Green
arrow indicates 532-nm excitation laser, and blue arrow indicates PL from Ge.

PL intensity increases as temperature increases. As mentioned in theoretical background
(section 8.2.1), PL intensity from indirect (bulk) Ge should increase as temperature increases.
On the other hand, if Ge is tensile-strained and n-type doped to be pseudo-direct bandgap
(tensile-strain of 0.25 % and n-type concentration of 3.5 x 10'® cm™3 [139]), PL intensity
should be independent of temperature. Thus, if Ge is n-type doped but the n-type dopant
concentration is not enough to be pseudo-direct bandgap, the temperature dependence of PL
intensity should be smaller than bulk Ge case (Fig. 8.5 (a)), but PL from n-type Ge still
increases as temperature increases. Taking into account the SIMS profile in Fig. 7.7 showing
n-type dopant (P) concentration of ~ 1 x 10'° cm=3, the PL intensity from P diffused Ge is
predicted to have smaller dependence on temperature than bulk Ge.

8.3 Optical Pumping Measurements

In vertical PL measurements, a small area (2 um in diameter) of coalesced Ge is excited, and
thus radiative optical mode is excited. In semiconductor lasers, however, active layers (in
this case, tensile-strained n-type Ge) should be uniformly excited so as the active layers to be
resonators. Many types of resonators have been reported toward Ge laser such as fabry-pérot
(FP) [41,42], microdisk [110, 111], and microring [109]. In this work, FP resonator structure
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Figure 8.7: PL spectra obtained at 4-200 K from (a) P diffused coalesced Ge and (b) bulk Ge, and (c) integrated
PL intensity (1200-1700 nm) as a function of temperature.
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is employed since circle-shaped structure is difficult to fabricate as described in section 4.4.
8.3.1 Fabrication of Fabry-Pérot Resonators

Figure 8.8 shows the fabrication process of FP resonators employing coalesced Ge. The
fabrication process is as follows:

1. SEG Ge layers were grown on a Si substrate at 700 °C, and they coalesced with adjacent
ones forming flat-top films.

2. PSG with P concentration of ~ 4 x 102! cm™ was deposited on the coalesced Ge layers
by SACVD at 480 °C.

3. P was diffused into the coalesced Ge layers by thermal annealing at 850 °C for 5 min.

4. The PSG layers were removed by buffered-HF (BHF). The SiO; layers for SEG masks
were simultaneously removed by the BHF etching.

5. Surfaces of the coalesced Ge layers were oxidized in order to reduce surface NRR
velocity, as will be described in Appendix I. The oxidation was carried out at 500 °C for
30 min, forming ~20-nm-thick GeO; on the coalesced Ge layers.

6. A ~200-nm-thick SiO, layer was deposited in order to protect GeO, layers, which is so
chemically unstable as usually removed by DI water [73].

7. The coalesced Ge layers, 4 mm long in [110] direction, were cut to form mirror edges at
Gel/air interfaces at the edges of the coalesced Ge layers.

Finally, 3 mm long FP resonators were fabricated.

The samples were cleaved using diamond pens at the first trial, but as the result of process
optimization, the samples were cut using laser dicer and the edges were polished by focused
ion beam (FIB) in order to form smooth mirror edges. Longer Lrp is more preferable than
shorter one for FP laser because longer Lpp effectively reduce the negative effect at the
cleaving/cutting edges, i.e., light scattering when light reflect at the edges [41]. Lpp was
defined by the cutting process to be 3 mm, which is shorter than the length of excitation laser
used in the measurement system; 4 mm,

The width of the FP resonators Wrp was defined by SEG masks, and set as 300 um
expecting "gain guide" operation at first, but finally set as <10 um, which is narrower than
the width of excitation laser (20 um). The the excitation laser wider than the FP resonator
enables uniform excitation, which is preferable to laser operation.
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Figure 8.8: Schematic illustrations of fabrication process flow for a FP resonator

8.3.2 Measurement Setup

Different from the PL. measurements, the excitation laser illuminated samples from top and
light was emitted from coalesced Ge layers in lateral direction, as schematically shown in
Fig. 8.9. A 1.07-um fiber laser was used for continuous-wave (CW) and micro-sec pulsed
excitation, and a Q-swiched 1.06-um fiber laser was used for nano-sec pulsed excitation. The
penetration depth in Ge at 1.06-1.07 ym is ~1 um.

For CW and micro-sec pulsed excitation, the 1.07-um fiber laser was expanded by a beam
shaper to be a rectangle shape, which is 4 mm long and 20 ym wide. The FP resonators
fabricated through the process shown in Fig. 8.8 were located on a 3D movable sample stage,
and excited from the top surface. Light from the FP resonator was emitted in lateral direction
as shown by blue arrow in Fig. 8.9, and collected by a Ge or InGaAs photodetector (PD)
through a monochrometer. A trans-impedance amplifier (TIA) is integrated with the Ge PD,
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Figure 8.9: Schematic illustrations of optical pumping measurement system for CW and micro-sec pulsed
excitation

and the signal gain was set as 1x108 V/A. The position of excited area was controlled by a
galvano mirror system. The alignment between the excitation laser and the FP resonators was
roughly carried out using a guiding laser (wavelength = 633 nm), and precisely done using
a near-infrared (NIR) camera. Finally, the optical pumping measurements were carried out
where the light emission from the FP resonators became maximum.

Figure 8.10 shows schematic illustrations of the optical pumping measurement system for
nano-sec laser excitation. The 1.06-um fiber laser of 7 mm @ large spot was used through a
short pass filter (SPF), cutting edge of 1.2 um, to remove any unintentional emission within
the measured wavelength range. The FP resonators were tilted for 90°, and the top surface of
FP resonators were illuminated by nano-sec laser. The light emission from a FP resonator is
gathered through a 50x objective lens and detected by an InGaAs array detector (detection
range; 800-2200 nm) through a long pass filter (LPF; cutting edge of 1100 nm) and a grating.
In Fig. 8.10, light from input laser is indicated as a red arrow, and light from a FP resonator is
indicated as blue arrows. Since the laser diameter (7 mm @) is much lager than a FP resonator
(3 mm long x 10 um wide), the alignment between the excitation laser and the FP resonator
was carried out using a guiding laser (wavelength = 633 nm). The alignment between the FP
resonator and the objective lens was carried out by using a CCD camera through the objective
lens.
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Figure 8.10: Schematic illustrations of optical pumping measurement system for nano-sec pulsed excitation

8.3.3 Light Emission Under Excitation by a CW Laser

For the first trial, a CW laser was used to illuminate the 300-um-wide FP Ge resonators.
Figure 8.11 shows (a) light emission spectra from the coalesced Ge and (b) light emission
intensity as a function of input power density. Note that the spectra shown in Fig. 8.11 (a)
reflects the wavelength dependency of the PD responsivity. In this case, the sample with
Wyindow = 0.7 um and W, = 0.6 um was used. As in Fig. 8.11, a clear threshold behavior
was observed with the threshold power density of 18 kW/cm?. The observed threshold power
density is smaller than the one reported in Ref. [41], which was 30 kW/cm? corresponding to
the threshold current density of 35 kA/cm?.

As shown in Fig. 8.11 (a), however, sharp resonance peak was not observed, which should
be observed if the threshold behavior is originated from lasing. Therefore, the threshold
behavior shown in Fig. 8.11 (b) should be not lasing but an amplified spontaneous emission
(ASE).

The sample after the optical pumping measurements were observed by an NIR microscope
and shown in Fig. 8.12. The white area is Ge, and the black area is Si substrate. It is clearly
shown that the center of the Ge area changes its color to be black. The black area in Ge would
be melt Ge owing to the high-power illumination by the CW laser. Thus, in the next step, a
micro-sec pulsed laser will be used to excite the Ge FP resonators, which should induce less
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Figure 8.11: (a) Light emission spectra from the coalesced Ge and (b) light emission intensity as a function of
input power density
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Figure 8.12: A plan-view NIR microscope image of a coalesced Ge after optical pumping measurements by CW
excitation

heat than a CW laser.

8.3.4 Light Emission Under Excitation by a Micro-sec Pulsed Laser

In order to avoid heating up of Ge FP resonators during optical pumping measurements, a
micro-sec pulsed laser was used for excitation. The pulse length of the laser was 50 us, and
the repetition speed was 10 kHz. In addition to the change of excitation laser from CW to
micro-sec pulse, the width of Ge FP resonators become narrow (300 um — <10 um). The
narrower structure of Ge FP resonators enables uniform excitation of the resonators using the
laser (width = 20 um), which is preferable to achieve a lasing operation.

Figure 8.13 shows (a) Light emission spectra and (b) integrated emission intensity as a
function of input power density. Similar to the results shown in Fig. 8.11, excitation with
a CW laser, a clear threshold behavior was observed with the threshold power density of 18
kW/cm?, but any resonance-origin sharp peak was not observed. Thus, the threshold behavior
should be ascribed to an ASE again.

In order to achieve a lasing operation instead of ASE, the optical net gain from the Ge FP
resonators should be increased. Since the tensile strain and n-type doping level is same level
as the reported Ge laser [41], I tried to find the cause of optical loss in our Ge FP resonators.
Then, I found that the rough cleaving edges in our structure should cause light scattering,
i.e., optical loss. Figure 8.14 shows a bird’s eye view SEM image of an as-cleaved edge
of coalesced Ge. Rough cleaved edge is shown, which is also observed in cross-sectional
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Figure 8.13: (a) Light emission spectra and (b) integrated emission intensity as a function of input power density
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Figure 8.14: A bird’s eye view SEM image of an as-cleaved edge of coalesced Ge

SEM observations (Figs. 4.8(c) and 4.8(e)). The edges are clearly rougher than the reported
Ge laser [41]. The rough cleaving edges would be originated from strain distribution in
cross-sectional dimension, as shown in Fig. 7.1 (a).

Thus, in order to reduce the light scattering at the cleaving edges, I tried to cut the substrate
using a laser dicer instead of simple cleaving using a diamond pen. Laser dicer can cut
substrates by inducing defects, which assist substrate cleaving. However, as shown in Fig.
8.15 (a), the Ge FP resonators melted for ~25 um from the edges as the result of the laser
dicing. Regardless of the cleaving method, the cleaving edges are need to be polished in order
to reduce light scattering. Thus, the edges of the Ge FP resonators were polished using Ga
focused ion beam (FIB) as shown in Fig. 8.15 (b).

As the result of FIB polishing, the edges of Ge FP resonators became smooth as shown in
Fig. 8.16. The smoother cleaving edge should bring less scattering loss at the edges.

Figure 8.17 (a) shows integrated intensities of light emission from a Ge FP resonator as
a function of input power density, and (b) shows a typical spectra of light emission from the
Ge FP resonators. It is clearly shown that the FIB polished edges brought increase of light
emission from the Ge FP resonators, indicating the reduction of optical loss. In Fig. 8.17 (b),
there is a sharp peak on the "after FIB" spectrum around 1750 nm.

In order to see the reproducibility of the peak around 1750 nm, shown in Fig. 8.17 (b), light
emission spectra were observed for 10 times and the average of the 10 measurements is shown
in Fig. 8.18, considering the responsivility of PD. The peak at 1750 nm was reproduced as
indicated by a black arrow in Fig. 8.18. Thus, the peak at 1750 nm could be a resonance
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Figure 8.15: (a) An optical microscope image of melted Ge FP resonators after laser dicing and (b) a 3D laser
microscope image of FIB polished edge of a Ge FP resonator

Figure 8.16: A cross-sectional SEM image of an FIB polished edge of Ge FP resonator
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Figure 8.17: (a) Integrated intensities of light emission from a Ge FP resonator as a function of input power
density, and (b) a typical spectra of light emission from the Ge FP resonators

peak, but the low signal-to-noise (S/N) ratio makes it difficult to analyze the peak and to find
other smaller peaks. Because of the low S/N ratio, free spectra range (FSR) is difficult to be
determined, leading it difficult to determine if it is resonance peak or not. Higher input power
density is required for higher S/N ratio, which is limited by the laser.

In addition to the peak at 1750 nm, there is a broad peak around 1700 nm. The broad peak
would be ASE, which is similar to the ones in Figs. 8.11 (a) and 8.13 (a). The red shift of
the ASE peak from the bulk Ge (1.55 um) would be ascribed to heating up. According to the
correlation between temperature and direct bandgap of Ge (Eq. (8.1)), temperature of the Ge
FP resonators is estimated as ~200 °C during the laser illumination. Such a temperature is low
enough to avoid Ge melt, but in terms of operation at optical communication wavelength (1.53—
1.625 um), the red-shifted light emission is not preferable. Thus, further reduction of laser
duration or cooling system is required to achieve lasing operation at optical communication
wavelength.

Finally, the Ge FP resonators with inverted-rib structure (coalesced Ge) and slab structure
(blanket Ge) are compared in terms of light emission intensity as a function of input power
density. As shown in Fig. 8.19, both inverted-rib FP resonators and slab FP resonators show
threshold-like behavior, and the observed threshold power densities were clearly, inverted-rib
structure < slab structure. Ge FP resonators with inverted-rib structure show threshold power
densities of 15-30 kW/cm?, while Ge FP resonators with slab structure show those of 30-35
kW/cm?. ILe., the inverted-rib structure formed through the coalescence of SEG Ge layers
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results in reduction of the threshold power densities for 15-60 %. Note that the observed
threshold power densities from slab FP resonators are almost equal to the reported threshold
of optically pumped Ge laser [41]. Considering the injected carrier concentration, threshold
power densities of 15 kW/cm? correspond to the J;;, of 17 kA/cm?.

The observed threshold power densities show tendency that the narrower W,q0w, i.€.,
smaller APR, brings smaller threshold power densities in Ge FP resonators with the inverted-
rib structure. This tendency is consistent with the relation of APR and TDD shown in Fig.
5.6. Le., smaller APR leads smaller TDD, indicating that reduced chances of defect-assisted
NRR in Ge. However, it is difficult to conclude the relation between APR and the threshold
power densities because of small amount of data and low reliability.

8.3.5 Light Emission Under Excitation by Nano-sec Pulsed Laser

As described in section 8.3.2, a Q-switched fiber laser was employed to excite inverted-rib
Ge layers with nano-sec pulsed laser. The pulse length of the excitation laser was set as 5 ns,
and the repetition frequency was set as 50 kHz. Input power was measured using a power
meter, and power density was calculated assuming rectangular pulses taking into account the
pulse length and the frequency. Measured samples were the ones measured by the micro-sec
excitation laser, i.e., 3 mm long and 10 um wide, and FIB polished as shown in Fig. 8.15 (b)
and Fig. 8.16.

Figure 8.20 shows spectra of 1light1600—1700 nm as input power density becomes 190-300
kW/cm?. The peak position is pointed by black arrows, indicating that the peak shifts to
longer wavelength as the input power density increases. The peak shift would be ascribed to
the heating up of the sample as discussed in micro-sec pulsed excitation part. The heating up
issue happens even with nano-sec pulsed excitation, when the input power intensity reaches
200-300 kW/cm?. According to the relation between temperature and direct bandgap of Ge
(Eq. (8.1)), temperature of Ge FP resonator is estimated to be 120 °C when it is illuminated
by the nano-sec laser at the power density of 300 kW/cm?.

Since the light emission from direct bandgap of Ge is obtained at 1600-1700 nm, the
integrated emission intensities were obtained in the range of 1550-1800 nm. Figure 8.21
shows the integrated emission intensity as a function of the input power density. From 0
kW/cm? to 150 kW/cm?, the light emission from the Ge FP resonator was not observed. The
integrated emission intensity increases where input power density is 150 kW/cm?, and the
intensity again increases where input power density is 250 kW/cm?.

As shown in Fig. 8.20, no resonance peak was observed from the Ge FP resonator. Thus,
the light emission is again considered to be ASE. In the nano-sec excitation measurement,
disalignment between the Ge FP resonator and the objective lens would prevent observation
of resonance peak, as schematically illustrated in Fig. 8.22. Resonated light in a FP resonator
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Figure 8.22: A schematic illustration showing disalignment between an inverted-rib Ge FP resonator and the
objective lens

is directed to be parallel to the length direction of the FP resonator. In the case for inverted-rib
Ge FP resonator, resonated light is emitted as the blue arrow in Fig. 8.22, and ASE is emitted
as the orange circular arcs in Fig. 8.22. If the objective lens is tilted against the Ge FP
resonator, resonated light is not collected but only ASE is observed.

The observed threshold-like point for the nano-sec laser excitation (150 and 250 kW/cm?)
is 5—10 times higher than that for micro-sec laser excitation (15-35 kW/cm?). This increase of
threshold-like point is reasonable considering the ratio of pulse length and interval length. For
micro-sec laser excitation, pulse length was 50 us and frequency was 10 kHz, corresponding
to interval length of 100 us. Then, the ratio of pulse length and interval length is s () 5,

100us
For nano-sec laser excitation, on the other hand, pulse length was 5 ns and frequency was 50

kHz, corresponding to interval length of 20 us. The ratio of pulse length and interval length

Sns
20us

longer than that by nano-sec laser. The effectively shorter duration for excitation by nano-sec

is = 0.00025. Thus, effective duration for excitation by micro-sec laser is 2000 times

laser would bring weaker ASE, leading higher threshold-like point.

8.4 Discussions: Toward Low J;;, Ge LDs

8.4.1 Optimization of the Measurement System
In terms of measurement system, following optimization will be effective:

(i) to inject more carriers using micro-sec laser, i.e., stronger excitation, and

(ii) to avoid disalignment between a FP resonator and the objective lens.

(i) To inject more carriers, i.e., stronger excitation, will simply bring stronger light emission
from Ge. 44 kW/cm?, shown in Fig. 8.18, is the strongest power in the current system.
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However, the illumination at 44 kW/cm? with 1.07 um laser corresponds to current injection
at 51 kA/cm? in terms of carrier concentration, which is 6-10 times lower than the reported
Jii in reported Ge LDs. Thus, the stronger excitation will be effective to see laser operation.
For example, if the width of laser spot (currently 20 um) is reduced to 10 um without any
optical loss, input power density is doubled. Such optimizations in illumination system will
help.

(ii) To avoid disalignment between a FP resonator and an objective lens, a simple solution
is to use an objective lens with smaller magnification. In the present work, an objective lens
with 50X magnification was used. Since there was an aperture 500 ym in diameter behind
the objective lens, 10 u in diameter was actually observed. Thus, if the objective lens is
replaced to the one with 10X magnification, 50 y in diameter will be observed. However, the
use of smaller magnification lens will bring worse resolution of wavelength. Finer alignment
is required in any case to obtain sharp peak from FP resonators.

8.4.2 Optimization of the Active Ge Layers
In addition to the measurement system, optimization of the active Ge layers should be effective
to reduce J;;, i.e.,

(iii) to remove Pt layer on top deposited for FIB polishing,

(iv) further reduction of TDD by reducing APR,

(v) to increase P concentration,

(vi) to use micro cavity structure expecting the Purcell effect,
and, (vii) Optimization of the thickness of active Ge layer.

(iii) To remove Pt layer on top deposited for FIB polishing will reduce light scattering
and/or absorption at the FIB polished edges of the Ge FP resonators. Pt protection layers were
deposited at several um from the polished edges in order to protect Ge from FIB damage. Pt
removal, or FIB polishing without Pt will be needed to reduce losses by Pt at the edges.

(iv) Further reduction of TDD by reducing APR, as predicted by the calculation shown in
Fig. 3.8, will enable further reduction of defect-assisted carrier recombination in Ge LDs.
According to the calculation, TDD as low as 10® cm=2 will be achieved if APR is as low as
0.1, which will enable TD-free Ge LDs.

(v) To increase P concentration will bring reduction of J;;, as shown in Ref. [141].
Optimization of the thermal diffusion conditions should be performed in order to increase P
concentration in Ge. Since the solid solubility of P in Ge is higher than mid-10'" [142], it
will be possible to increase P concentration in Ge by process optimization.

(vi) To use micro cavity structure will bring the reduction of J;;, thanks to the Purcell
effect [109, 143, 144]. Micro disks [111, 145], micro rings [109], and micro FP resonators
with distributed Bragg reflector [44, 146] are widely used as micro resonators. These micro
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resonators can be fabricated using coalesced Ge, once flat-top surface is formed.

(vii) Optimization of the thickness of active Ge layer will reduce J;;, by reducing the layer
thickness. Since thicker active layer cause smaller concentration of carrier when applied
current density is constant, J, is in reverse proportion to the thickness of the active layer.
Thus, J;, will be reduced as the layer thickness is reduced. In the present study, the thickness
of the active layer was ~1 um. A simple way to reduce the thickness of the active layer is
to polish the coalesced Ge. Chemical mechanical polishing with diluted H,O, can reduce
thickness of Ge keeping top surface flat [147]. Thermal oxidation followed by wet etching
using HF may reduce thickness of Ge keeping top surface flat without any mechanical damage,
while oxidation and etching should be repeated in order to reduce the thickness of Ge layers
for hundreds of nano meters.

Assuming the active layer of 300-nm-thick, with optimized measurement conditions, APR
= 0.1, and P concentration of 4.5x10' cm=3, Jip of 1.8 kA/cm? is theoretically calculated
following the calculation in Ref. [48].
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9 Summary and Future Outlook

The goal of this thesis was to propose a new method of TDD reduction toward Ge
lasers based on theoretical calculation, to verify the method by experimental mea-
surements and observations, and to design and show prototype for light emitting
devices employing the TDD reduction method.

This chapter gives a brief summary of this dissertation and future outlook; fur-
ther application of image-force-induced dislocation bending, ideal cross-sectional
structure for Ge LDs, and possible applications of inverted-rib structure.

9.1 Summary

As briefly described in Chapter 1, the development of on-chip light-emitting devices has
been one of the most challenging issues for practical application of Si photonics technique.
Tensile-strained n-type Ge has been investigated as a on-chip laser material, and Ge LD has
successfully been reported. However, reported threshold current density J;;, was two orders
of magnitude higher than theoretical prediction.

Toward low J;, Ge LD, the cause of the huge J;; should be revealed. Then, at first,
the importance of the reduction of non-radiative recombination NRR toward Ge lasers were
described in Chapter 2. It was shown that reduction of TDs in Ge and NRR at Ge surfaces
are important factors to achieve Ge lasers with J;, as small as 10 kA/cm?. It was also shown
that the NRR at Ge surfaces can be reduced by surface oxidation, from mid-10> cm/s to the
order of 10° cm/s.

For the reduction of TDs toward low J;; Ge LD, conventional TD reduction methods
are not preferable because they have drawbacks in terms of applications for light-emitting
devices. Thus, a novel method is proposed and verified for light-emitting device applications,
as described in Chapters 3—6.

The proposal of a new method of TDD reduction toward Ge lasers were described in
Chapter 3 with theoretical model and numerical calculation. Image force was investigated on
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a quantitative basis as a driving force of TD bending in SEG Ge. Image-force-induced TDD
reduction was numerically calculated showing TDD reduction on the order of 1072 when
aperture ratio (APR) is as small as 0.1.

In Chapter 4, Ge growth in lateral direction (in [110] orientation) over SiO, masks was
investigated. It was found that the Ge growth rate in lateral direction is related to the growth
rate on {113} facets. It was shown that Ge epitaxial layers with voids are formed as the
result of SEG Ge coalescence. Under the conditions employed in this work, SEG Ge layers
coalesced when both W40 and Wy, are small enough. The coalesced Ge layers finally
formed flat-top surfaces, as flat as RMS =~ 1 nm, which is the same level as a blanket epitaxial
Ge layer.

In Chapter 5, the verification of the theoretical model shown in chapter 3 was shown via
measurements of TDDs using etch pit density (EPD) counting method. Observed TDDs well
reproduced the calculated ones, supporting the model proposed in this work. In addition to the
reduction of TDD, the distribution of TDs in coalesced Ge was consistent with the theoretical
model, i.e., TDs in coalesced Ge layers accumulate above SiO, masks. It was also found
that TDD re-increase, which has been observed in previous aspect ratio trapping researches
employing SEG Ge coalescence, was not observed the coalesced Ge layers in this work on a
TDD basis.

In Chapter 6, observations of TDs via transmission electron microscope (TEM) were
shown. Cross-sectional TEM observations showed that the TDs in SEG Ge layers are bent
to be normal to growth surfaces, which was predicted in the theoretical model. It was also
found that a TD in a coalesced Ge layer is terminated to a void, which are also predicted by
the theoretical model. In addition to those, cross-sectional TEM observations showed TD
generation when SEG Ge layers coalesce. Plan-view TEM observations showed a unique
behavior of TDs in coalesced Ge; TDs inclined to be parallel to substrate.

Chapters 7 and 8 describe the material design and measurements of light emission toward
Ge lasers.

In Chapter 7, characterization and design of coalesced Ge will be described in view of
a light emission material. Simulation of strain distribution and characterization of tensile
strain in coalesced Ge layers were carried out via FEM simulation and Raman spectroscopy,
respectively. It was found that 0.1-0.2 % tensile strain is uniformly induced in coalesced Ge
layers. N-type doping of the coalesced Ge layers was described in this chapter employing
thermal diffusion method. N-type Ge with a dopant (P) concentration of ~ 1 x 10'° cm™ was
formed by the thermal diffusion method. It was also described that inverted-rib cross-sectional
structure, formed as the result of coalescence of SEG Ge, has advantage over conventional

slab structure in terms of the reduction of NRR.
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In Chapter 8, light emission characteristics were described via micro-photoluminescence
(u-PL) at room temperature, u-PL at lower temperature (4-200K), and optical pumping mea-
surements, as a feasibility study for light-emitting device applications. u-PL measurements
revealed that there are NRR centers in coalesced Ge, which is removed as the result of thermal
diffusion of n-type dopant. Coalesced Ge after thermal diffusion shows a tendency that PL
intensity increases as APR decreases. Such a tendency is consistent with the reduction of
TDD, which is described in Chapter 5. u-PL measurements at lower temperature (4—200K)
revealed that the P diffused Ge has smaller temperature dependence of PL intensity, indicating
that the L-valley is filled by n-type doping. Optical pumping measurements were carried out
on Fabry-Pérot resonators. In optical pumping measurements, CW, micro-sec pulsed lasers,
and nano-sec pulsed lasers were used as excitation lasers. Clear threshold-like behaviors were
observed as the result of optical pumping measurements. However, obtained data would be
ascribed to amplified spontaneous emission (ASE), but not lasing.

9.2 Future Outlook

9.2.1 Controlling trajectories of TDs

In the present work, TDs in Ge on Si were successfully reduced by image force. Extending
the basic mechanism, i.e., TDs are bent to be normal to growth surfaces, trajectories of TDs
would be controlled by designing some specific SEG masks.

Figure 9.1 shows schematic illustrations showing an idea to control trajectories of TDs.
Grey area shows Si growth seed, blue area shows SiO, masks, and yellow area shows where
Ge grows. Preparing SiO, SEG masks as Fig. 9.1 (a), Ge grows on Si area as shown in Fig.
9.1 (b). Key point is to make SEG Ge layers coalesce from the center to the edges; in Fig.
9.1, from the center to the top/bottom, as indicated by the black arrows in Fig. 9.1 (b). As
predicted in Chapter 3 and verified in Chapter 6, TDs are bent to be normal to growth surface
owing to image force. Thus, in the case for Fig. 9.1, TDs would be bent toward the edge of
the coalesced Ge, and thus the center of the coalesced Ge (blue circled area in Fig. 9.1 (c))
would have lower TDD than other area. Based on this idea, TD-free area should be locally
achievable.

9.2.2 Promising cross-sectional structure for Ge LDs

As described in Chapter 2, Ge/GeO; interfaces show NRR recombination rate as low as
10°-10* cm/s, which would be low enough for Ge LDs with J;;, of 10 kA/cm?. Based on this,
I propose desirable cross-sectional structures for Ge LDs as schematically shown in Fig. 9.2.

An ideal cross-sectional structure would be n-type Ge completely surrounded by GeO,, as
shown in Fig. 9.2 (a). However, the structure shown in Fig. 9.2 (a) has difficulty in electrical
pumping since GeO; is a dielectric material. Figure 9.2 (b) shows an n-type Ge surrounded
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Figure 9.1: Schematic illustrations showing an idea to control trajectories of TDs: (a) SiO, SEG masks, (b)
SEG Ge before coalescence, and (c) Ge after coalescence. The red circles in (c¢) indicate where TDs accumulate
(high TDD), and the blue circle in (c) indicates where low TDD area.
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Figure 9.2: Schematic illustrations showing (a) n-type Ge completely surrounded by GeO;, (b) n-type Ge
surrounded by GeO, with small contact window, (c) an inverted-rib Ge structure with pn junction, and (d)
simulated optical mode in inverted-rib Ge shown in (c).
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by GeO, with small contact window. The surfaces of n-type Ge layer is for the most part
surrounded by GeO, to reduce NRR velocity, except for contact windows to inject carriers.
Although the structure shown in Fig. 9.2 (b) would be effective to reduce NRR, the structure
would be difficult to fabricate. Employing inverted-rib structure, optical confinement similar
to Fig. 9.2 (b) can be fabricated during epitaxial growth, as illustrated in Fig. 9.2 (c). The
inverted-rib structure shown in Fig. 9.2 (c) would be available employing SEG of Ge and their
coalescence as described in Chapter 4, or combination with chemical mechanical polishing
(CMP) of Ge on Si [147]. Optical mode in the inverted-rib structure is simulated as Fig.
9.2 (d), showing that optical mode is located above the Si growth seeds due to existence of
voids (refractive index = 0). In addition to that, optical mode in the inverted-rib structure is
pushed-up to be away from the Ge/Si interface, same as Fig. 7.10. The mode push-up would
have positive effect in terms of light emission since Ge/Si interfaces have large NRR velocity,
as described in Chapter 2.
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Appendix

Appendix I. Enhancement of PL Induced by a Wet Chemical
Treatment

As mentioned in section 2.3, Ge/Si interfaces have large NRR velocity: Sg,/s; is as
large as mid-10° cm/s. Since such a large NRR velocity at Ge/Si interfaces should
have a negative effects on light emission from Ge, I considered to remove the Ge/Si
interfaces at the bottom, i.e., between Ge epitaxial layers and Si substrate.

In this appendix, a wet chemical treatment is proposed for preferential removal
of Ge/Si interfaces, and the effect of the wet chemical treatment in terms of light
emission from Ge is described.

Preferential Wet Etching

In order to remove Ge near the bottom Ge/Si interface, I attempted a preferential etching of
the defect-rich Ge near the Ge/Si hetero-interface at the bottom, as schematically shown in
Figs. 10.1 (a) and 10.1 (b), employing a wet chemical treatment in a CH3; COOH/HNO3/HF/1,
solution. This wet chemical treatment has been used to visualize the dislocations penetrating
to Ge surfaces as etch pits, as schematically illustrated in Fig. 10.1 (c) [54, 114, 148]. Note
that the visualization of dislocations as etch pits is performed as the results of preferentially
removal of Ge around the dislocations.

Experimental Procedure

Prior to Ge epitaxial growth, SEG masks of SiO, were formed on a Si wafer as follows.
A B-doped p-Si(001) wafer (1-100 Qcm) was oxidized in a tube furnace at 900 °C for 2
hours in a dry O, ambient. The SiO; layer formed on the Si wafer was patterned into stripes
with the width of Si window as small as 1 um for the SEG of Ge, employing electron beam
lithography and a wet etching in buffered HF. The stripes were aligned in the [110] direction.
Large window areas (1 cm X 1 cm) were also prepared as un-patterned (blanket) region for
comparison. The SiO, thickness before the growth was 30 nm. A 1.3-um-thick (in blanket
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Figure 10.1: Cross-sectional SEM images of an SEG Ge layer (a) before and (b) after the wet chemical treatment.
The traces of the SEM images are shown and overlapped in (c).

area) Ge epitaxial layer and a ~20-nm-thick Si capping layer were grown by UHV-CVD. Then,
the wafer was divided into small chips. After the removal of Si capping layer in a 2.38 %
TMAH solution, some of the chips were dipped into a CH3;COOH/HNO3/HF/I; solution for
5 s for the preferential removal of Ge near the bottom Ge/Si interface. The PL. measurements
were carried out with an excitation wavelength of 4., = 785 nm. The 1/2 laser diameter and
the excitation power were 2 um and 4.1 mW, respectively.

Cross-Sectional Observations

Figures 10.2 (a) and 10.2 (b) show typical cross-sectional SEM images for an SEG Ge layer
before and after the treatment in CH;COOH/HNO3/HF/1,, respectively. It is clearly shown
that Ge near the bottom Ge/Si hetero-interfaces are preferentially removed as a result of the
wet chemical treatment. In addition to that, the sidewall of the SEG Ge layers become almost
vertical to the Si substrate owing to the wet chemical treatment. Figure 10.2 (c) shows traces
of the SEG Ge layers before (blue line) and after (red line) the wet chemical treatment. The
black hatched area indicates Ge removed by the wet chemical treatment. From the SEM
observations, the lateral etching rate of Ge near the bottom Ge/Si hetero-interfaces is as large
as 80 nm/s, which is 2—4 times faster than those at other areas (20—40 nm/s), reflecting the
presence of high density of defects near the interface.

PL Enhancement Induced by the Wet Chemical Treatment

Figure 10.3 shows a typical PL spectrum in the logarithmic scale for the SEG Ge after the wet
chemical treatment in CH3;COOH/HNO3/HF/I, together with the one before the treatment
as well as the ones for the blanket and bulk Ge. The Si capping layers were removed
before the PL measurements for all the samples. Compared to the blanket Ge without the
CH3;COOH/HNO3/HF/1, treatment, the SEG Ge after the treatment showed an 83 times larger
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Figure 10.2: Cross-sectional SEM images of an SEG Ge layer (a) before and (b) after the wet chemical treatment.
The traces of the SEM images are shown and overlapped in (c).
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Figure 10.3: PL spectra from SEG/blanket Ge layers before/after the wet chemical treatment

PL peak intensity.

A suppression of NRR near the bottom of SEG Ge layer could contribute to this enhance-
ment. However, as shown in Figs. 2.3 (a) and 2.3 (b) in section 2.3, the excess carrier
concentrations at the bottom would not be large enough to show the PL emission. There
should be several possible mechanisms to explain the observed 83 times enhancement for the
SEG Ge after the treatment in CH;COOH/HNO3/HF/I,:

(I) generation of excess carriers even near the bottom of SEG Ge due to the structural
change induced by the treatment,

(IT) increase in the excess carrier concentrations in the narrow SEG Ge due to the spatial
carrier confinement,

(IIT) termination of dangling bonds at the Ge surfaces including the top and sidewall
surfaces to reduce NRR at the surfaces, or to increase the excess carrier concentrations,

(IV) increase in the extraction efficiency of PL emission due to the structural change, and

(V) reduction in the light scattering at the sidewalls to confine the light in SEG Ge, resulting
in the increased light intensity in the SEG Ge. The first three mechanisms (1), (IT), and (III)
are related to the increase in the excess carrier concentrations, and the latter two mechanisms
(IV) and (V) are related to the confinement/extraction of light.

In order to examine the mechanism (I), two-dimensional finite-difference time-domain
(FDTD) simulations were performed for the light illumination to the SEG Ge. Figure 10.4
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785 nm input laser 785 nm input laser

Figure 10.4: 2D FDTD simulation results of magnetic field in (a) SEG Ge and (b) blanket Ge layers illuminated
by x-polarized gaussian beam in 2-um-diameter.

shows a typical snapshot of magnetic field H, distribution in the x-z cross-section. An
x-polarized 785-nm continuous laser light with a Gaussian beam of 2 ym in diameter was
directed from the top. As in Fig. 10.4, the light penetrates into the SEG Ge more efficiently
in comparison with the blanket Ge layer, probably due to the enhanced transmission through
the inclined top surfaces of {113} planes as well as the coupling of evanescent light from
the sidewalls. The enhanced penetration of light induces an increase in the excess carrier
concentrations in Ge even near the bottom. Thus, the mechanism (I) of generation of excess
carriers near the bottom of SEG Ge should occur, and the removal of the defective Ge near
the Si wafer should partly contribute to the observed PL enhancement.

On the other hand, the effect of mechanism (II), related to the spatial carrier confinement
in a narrow SEG Ge layer, might be negligible, since the carrier diffusion length is as small
as 100 nm in the present study, which is smaller than the width/thickness of SEG Ge layer.

As to the mechanism (III) of termination of dangling bonds at the Ge surfaces would be
partly effective, since an enhancement approximately by 3 times was seen for the blanket Ge
layer after the treatment. It has been reported that a wet chemical treatment in HF decreases
the surface recombination velocities for Si and Ge surfaces [149] as the result of termination
of dangling bonds [150], and a similar effect might take place in a CH3;COOH/HNO3/HF/I,
mixture containing HF.

The contributions of other two mechanisms (IV) and (V), related to the confinement/extraction
of light, would have roughly an enhancement factor of 3, since the PL intensity was enhanced
by 3 times for the SEG Ge before the treatment in comparison with the blanket Ge. Detailed
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Figure 10.5: (a) PL spectra after the wet chemical treatment, and (b) integrated PL intensity (1300-1900 nm) as
a function of SEG width.

FDTD analyses should be necessary how the light is confined in the SEG Ge surrounded with
smooth sidewalls and how such light is radiated to the top [151]. Tanking into account the
enhancement factors of 3 by the mechanism (III) and 3 by the mechanisms (IV) and (V), the
PL enhancement by the mechanism (I) of excess carriers excited near the bottom of SEG Ge
would have roughly the enhancement factor of 10. In the actual Ge/Si DH laser structures,
propagation mode of light in the in-plane direction is more important than the radiation mode
observed in the PL. measurements. In terms of the reduction of scattering loss, the smoothing
of SEG Ge sidewalls induced by the wet chemical treatment would be also effective. Further
enhancement could be obtained if a thermal oxidation is combined, since the Ge layers are
mostly surrounded by Ge/GeO, with a small NRR velocity.

SEG Width Dependence of PL Intensity After the Wet Chemical Treatment

Figure 10.5 shows (a) PL spectra after the wet chemical treatment, and (b) integrated PL
intensity (1300—1900 nm) as a function of SEG width. It is clearly shown that the PL intensity
increases as the width of SEG Ge decreases. Such a SEG width dependence on PL intensity

is reasonable because the volume ratio of preferentially-etched defect-rich Ge layer increase
as the SEG width decreases.



APPENDIX. ENHANCEMENT OF PL INDUCED BY A WET CHEMICAL TREATMENT 127

In Fig. 10.5 (a), it is also found that the PL peak slightly shifts to shorter wavelength
as SEG width is reduced. The peak shift suggests that the built-in tensile strain is slightly
released owing to the wet chemical treatment, while the strain release does not show negative
effect on PL from Ge.
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Appendix II. Thickness Dependence of PL from Ge Epitaxial Lay-
ers on Si

Although it has been widely known that TDs in Ge work as NRR centers, there has
been no report showing TDD dependence of PL from Ge epitaxial layers on Si. In
Appendix II., correlation between TDD and PL intensity is shown, changing TDDs
employing Ge epitaxial layers with various thickness.

Experimental Procedure

Experimental procedure for the epitaxial growth of Ge on Si is conducted as described in
Chapters 2 and 4. The main growth duration was varied in order to grow Ge epitaxial layers
with various thickness. The thicknesses of Ge epitaxial layers were set as 70, 200, 700, 1300,
and 2000 nm. 70-nm-thick Ge was grown at 370 °C as 70-nm-thick low-temperature buffer
layer. Followed by the low-temperature buffer growth, Ge epitaxial layers were grown at 700
°C to be 200-2000 nm thick.

PL measurements were carried out using 457-nm excitation laser, similar to the experiments
described in Chapter 8. Such a short wavelength laser was used in order to measure PL from
Ge near the surface, i.e., to localize the PL. measurement in depth direction. The top surfaces
of Ge epitaxial layers were exposed to the air, and thus the NRR velocity at Ge top surface
should be ~ 1 x 10° cm/s, as described in Chapter 2.

Results and Discussions

Figure 10.6 (a) shows PL spectra observed on Ge epitaxial layers with various thicknesses. PL
peaks around 1600 nm are shown for the Ge epitaxial layers of 200—2000 nm thick, although
70-nm-thick Ge shows a broad and weak peak.

Since TDD in Ge epitaxial layers on Si depends on their thicknesses as shown in Fig.
5.5, the thickness dependence of PL indicates TDD dependence of PL. Figure 10.6 (b) shows
integrated PL intensity (12002000 nm) as a function of thickness. TDD is estimated from
the TDD-thickness relation for blanket Ge grown at 700 °C, which is shown in Fig. 5.5. It is
found that the PL intensity is independent with thickness where the thickness is more than 200
nm. Thickness of 200 nm corresponds to TDD of 1.9 x 10° cm~2, according to the relation
shown in Fig. 5.5. Thus, it is revealed that PL from Ge is independent with TDD in the range
TDD < 1.9 x 10° cm™2, in the case for surface NRR velocity of ~ 1 X 10° cm/s.
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Figure 10.6: (a) PL spectra observed on Ge epitaxial layers with various thicknesses, and (b) integrated PL
intensity (1200-2000 nm) as a function of thickness. TDD is estimated from the TDD-thickness relation shown

in Fig. 5.5.

Note that the broad and weak PL from the 70-nm-thick Ge epitaxial layer is ascribed to
several reasons such as high TDD, low growth temperature (bring higher TDD), excitation at
Ge/Si hetero-interface, Ge epitaxial layer working as anti-reflection, and so on.
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