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ABSTRACT

DESIGN AND FABRICATION OF STRAINED LIGHT EMITTING
GERMANIUM MICROSTRUCTURES BY LIQUID PHASE EPITAXY

Unlu, Buse
Master of Science, Micro and Nanotechnology
Supervisor : Assoc. Prof. Dr. Selguk Yerci
Co-Supervisor: Assist. Prof. Dr. Cigek Boztug Yerci

September 2021, 99 pages

Germanium is compatible with CMOS technology and can be utilized for the
development of an integrated laser on Si platforms. Nevertheless, it is a very
inefficient light emitter owning to its indirect bandgap. On the other hand, the
application of tensile strain reduces the split in between direct and indirect band
edges of Ge, which in turn enhances its light emission efficiency, and converts it into

a direct bandgap material.

In this thesis, firstly finite element model simulations are performed to determine the
dimensions of the most efficient Ge microstructures providing the highest possible
biaxial and uniaxial strain levels. Following that, Ge microstructures are fabricated,
in which silicon nitride acts as a stressor layer on top and sides. Radio frequency
magnetron sputtering, a straightforward, low-cost, and environmentally friendly
method, is used for both amorphous Ge and the stressor film deposition processes.
The liquid phase epitaxy technique is utilized to crystallize the amorphous Ge. It is
demonstrated that one single annealing step converts the Ge to a single crystal and
induces tensile stress to the nitride film, simultaneously. Moreover, the proceeding
wet chemical etching steps promote the tensile strain induction in the Ge
microstructures. The amount of strain can easily be tuned by changing the type and

duration of wet etching processes. A uniaxial strain level of up to 3.5% has been
v



demonstrated by Raman and micro photoluminescence spectroscopy, and verified
by FEM simulations. Results of this study pave the way to obtain infrared Ge lasers
on Si chips by utilizing cost-efficient and easy-to-use deposition and crystallization

techniques.

Keywords: Germanium, Strain Introduction, Stressor Layer, LPE, Luminescence
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SIVI FAZ EPITAKSI YONTEMIYLE GELISTIRILMiS CEKME
GERINIMLI ISIK SACAN GERMANYUM MiCROYAPILARININ
TASARIMI VE URETIMI

Unli, Buse
Yuksek Lisans, Mikro ve Nanoteknoloji
Tez Yoneticisi: Doc. Dr. Selguk Yerci
Ortak Tez Yoneticisi: Dr. Ogr. Uyesi Cigek Boztug Yerci

Eylil 2021, 99 sayfa

Germanyum, CMOS teknolojisi ile uyumludur ve Si platformlarinda entegre bir
lazerin gelistirilmesinde kullanilabilir. Ancak, dolayli bant yapisi geregi cok
verimsiz bir 1gik yayicidir. Diger yandan, gerinim uygulanmasi, germanyumun direk
ve dolayl bantlar1 arasindaki farki diisiiriir, ki bu da karsiliginda malzemenin 151k
yayma verimliligini artirir ve germanyumu direk bant araligina sahip bir malzemeye

doniistiiriir.

Bu tezde ilk olarak, mimkin olan en yuksek ¢ift eksenli ve tek eksenli gerinim
seviyelerini veren, en verimli Ge mikroyapilarinin boyutlarini belirlemek i¢in sonlu
elemanlar yontemi simiilasyonlar1 gerceklestirilmistir. Bunu takiben, silisyum
nitririn Gstte ve yanlarda bir stres katmani gorevi gordiigii Ge mikroyapilari
dretilmistir. Amorf Ge ve stresor filmlerinin biriktirme islemleri, basit, diisiik
maliyetli ve ¢evre dostu bir yontem olan radyo frekansi magnetron sagtirma ile
yapilmistir. Amorf formdaki Ge mikroyapilarinin kristallenmesi i¢in s1v1 faz epitaksi
teknigi kullanilmistir. Tek bir tavlama adiminin amorf germanyumu tek kristale
dontistiirdiigii ve ayn1 zamanda silisyum nitriir filmde ¢ekme stresini indiikledigi

gosterilmigtir. Dahasi, devamindaki 1slak kimyasal asindirma adimlarimin tek kristal
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Ge mikroyapilarinda ¢ekme gerinimi indiiksiyonunu destekledigi gosterilmistir. Bu
1slak agindirma islemlerinin tiirii ve siiresi degistirilerek gerinim miktarinin kolayca
ayarlanmistir. %3,5’e kadar olan tek eksenli gerinim seviyesi Raman ve mikro
fotoliiminesans spektroskopisi ile gosterilmis ve FEM simiilasyonlart ile
dogrulanmistir. Bu calismanin sonuglari, diisiik maliyetli ve kullanimi kolay
biriktirme ve kristalizasyon tekniklerini ile Si ¢ipleri tizerinde kizil6tesi Ge lazerleri

elde etmenin yolunda 6nemli bir agsama sunmaktadir.

Anahtar Kelimeler: Germanyum, Gerinim Uygulama, Stres Katmani, LPE,

Ldminesans
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CHAPTER 1

INTRODUCTION

This chapter briefly introduces the roles of Group-1V semiconductor elements in
microelectronics and microphotonics, followed by the advantages and disadvantages

of silicon technology. Then, how germanium takes the place of Si is explained.

1.1  Group-1V Semiconductors in Microelectronics and Microphotonics

In the early 2000s, silicon (Si), one of the group-1V semiconductor elements, left an
outstanding mark on microelectronics in the wake of Si photonics. One of the main
reasons was being the most abundant element on Earth after oxygen, which paves
the way for manufacturing Si-based industrial devices with substantial cost saving
[1]-[3]. Besides its high optical damage threshold, high third-order optical
nonlinearities [3], and having a high thermal conductivity make silicon an exemplary
substrate to eliminate the heat caused by the increasing number of transistors in the

integrated circuits (ICs) [4].

Silicon-on-insulator (SOI) is another reason; losses originate from connection and
reduce light propagation [5]. Hence, SOI gives a lead for planar waveguide
circuits[3]. For micro-photonic chips, considerable refractive index difference in
between silicon and silicon dioxide (SiO,) by 2 provides strong optical confinement
and decreases propagation losses. In this manner, SOI gives rise to the fabrication of
nanometer-scale devices, and research in monolithic integrated circuit technology
has dramatically increased [3], [5], [6]. Ultrasmall lattice filters in which the total
length is smaller than 100 um is an example of enabling a controllable channel-
dropping with 10 nm bandwidth and 84 nm free spectral range [7]. Not only trouble
on many-core memory bandwidth has been solved, but also fast switching and



energy-saving international communication have been achieved through photonic

and electrical interconnections, respectively [8].

Nevertheless, these favorable properties of silicon are not feasible to meet the main
call for light emission property. Several methods should be introduced to silicon for
increasing the radiative recombination in between its bands. For instance, the band
structure has been modified through alloys and hybrid integration models like SiGe
[9], [10] and GaAs on Si [11], respectively; luminescence around 1550 nm has been
exhibited via assisting of impurities like doping Si with erbium [12], [13]. However,
those methods return as a cost increase [14]. Similarly, other complementary-metal-
oxide-semiconductor (CMOS) compatible group-1V semiconductors also have
indirect bandgap structures, which puts a barrier to be directly utilized as light
sources [10], [15], [16]. In this regard, a slight energy difference of around 0.14 eV
between the direct band and indirect band edges of germanium makes it a promising
solution to overcome the optical limitations on indirect bandgap semiconductor
materials [17]-[19] with cost efficiency in mass manufacturing.

111 Germanium Promising Material

Germanium (Ge) is a Group-1V semiconductor element located just below Si with
group number 14 and the atomic number 32 [20], [21]. The density and atomic
weight of Ge are 5.3234 g/cm? and 72.593, respectively at 25 °C [22]. It has a
diamond-type crystal structure [22]-[24] that lattice constant is 0.5646185 nm for
99.999 % at the 30 °C temperature [22]. The phase of Ge changes from solid to liquid
roughly at 1210.15 K [21], [25], [26]. The energy band structure of Ge is obtained
considering spin-orbit interactions as shown in Fig. 1.1, and its eigenvalues are in
Table 1.1 [27].
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Figure 1.1 Germanium energy band structure [27].

Table 1.1 Germanium eigenvalues of I', L and X in eV

Energy of I (eV)
Is r7 Iy ¥ I7 Iy
-12.66 -0.29 0.00 3.01 0.90 3.22
Energy of L (eV)

6 6 Ls 45 Ls 6 45
-10.39 -7.61 -1.63 -1.43 0.76 4.16 4.25
Energy of X (eV)

5 X5 5
-8.65 -3.29 1.16

Ge's direct band gap energy is 0.800 eV, while 0.644 eV is indirect band gap energy
[28]-[30]. Hence, germanium with a minimal band splitting of 0.136 eV between I



valley and L valley is a pseudo-direct gap semiconductor [31], not a non-convertible

indirect material.

Historically, germanium in bulk form was used in the first transistors, which brought
in Nobel Prize 1956 in Physics. Ge was a popular material in the solid-state
manufacturing and integrated circuit industry [32], [33]. Even though the quality of
oxidized Ge forms is incomparably low compared to thermally-growth silicon
dioxide [33], having a weak passivation layer gives rise to dark current at undesirable
levels [3]. In the following years, Ge and some materials with high dielectric constant
(high k) became more pronounced in the gate terminal of metal oxide semiconductor
field-effect transistors (MOSFETS) [33]. Germanium turned into a research subject
again with not only the emergence of the high-k dielectrics but also higher electron
mobility of Ge compared to Si by 2500 cm?/V-s at 300 K [34], [35]. Limited drain
current coming from the saturation velocity of Si was overcame with Ge and
established greater refractive index contrast through Ge, further scaling of the
MOSFETs was continued [36], and Ge-based MOSFET functionality was improved
[37].

Above all, germanium meets the main requirements for the lasers having Si
compatibility; because, as well as being compatible with CMOS technology on top
of Si, electrical pumping of Ge is possible. Ge is increasingly in demand in the area
of photonic band-gap engineering. Its band structure can be engineered to emit
around the wavelength of 1.55 um. Thereby, Ge on Si chips is widely utilized in
fiber-optic communication [19]. The data transmission rate is rose appreciably.
Additionally, this wavelength paves the way for usage in living space, such as fire
detection, sensors measuring motion without harming human health [38] and sensing
the biochemical species. Luminescence in the direct bandgap region is achieved;
hence, germanium-based light-emitting diodes (LED) are fabricated [14], [39], [40].
Thanks to the shift in the active wavelength, detectors and sensors can be modified
to work in several desired spectral regions. Ge can be used not only as a light
absorber but also as an emitter in the telecom optical wavelength bands [41]. The

expanded spectrum of absorption provides an opportunity for functional



improvement in CMOS via the integrated Ge in optoelectronic devices [42] as well

as high-speed, high-efficient and low-cost Ge photodetectors [38], [43].

1.2 Thesis Outline

This thesis begins with Chapter 1, which briefly introduces Group-1V semiconductor
elements and the motivation behind using Ge in microelectronics and
microphotonics. In Chapter 2, how Ge band structure can be modified by three main
methods to achieve a light emission is mentioned. Following that, the relation
between strain and stress is given in Chapter 3, and the remarkable effects of strain
on altering the Ge band structure are explained in detail. Chapter 4 covers the
construction of the microstructures to be fabricated using COMSOL Multiphysics
software, and strain distribution varying with the dimension of structures is
investigated. Thus, geometrical optimization providing the highest possible biaxial
and uniaxial strain is acquired, which is implemented in the design of the
photolithography mask. Fabrication steps of both uniaxially and biaxially strained
Ge microstructures are described in Chapter 5. Their characterization by EBSD,
micro-Raman spectroscopy and micro photoluminescence (U-PL) measurements is
presented in Chapter 6, starting with explaining how the p-PL system is constructed.

The study is concluded in Chapter 7, including the possible future works.

1.3 Contributions

In this thesis, deposition of the films, namely germanium, silicon nitride and silicon
dioxide, was performed by Milad Ghasemi using sputtering, and Hande Ciftpinar
carried out thermal silicon oxide growth. Necati Isik analyzed stressor layers. He
took surface profiles of the layers by Veeco Dektak 6M Profilometer and calculated
the corresponding stress levels. Raman spectroscopy and EBSD measurements were

performed in the METU Central Laboratory.






CHAPTER 2

ENERGY BAND ENGINEERING OF GERMANIUM

As stated in the previous chapter, the band structure of germanium can be modified
to achieve radiative recombination, resulting in light emission. It is revealed that
alloying Ge with tin (Sn) [44]-[51], tensile strain introduction [40], [46], [52]-[62]
and n-type doping [14], [19], [63], [64] are the techniques increasing the efficiency
to convert Ge band form indirect to direct one. In this chapter, these methods will be
explained in detail.

2.1  Tin Incorporation

When Ge is incorporated with a sufficient amount of Sn atoms, its energy level of
direct I valley falls below the indirect L valley. Thus, the direct transition is observed
at K = 0 in Brillouin zone [45], [65]. The significant point here is the ratio of Sn
atoms, which modifies the bandgap of the structure. As seen in Fig. 2.1, dependency
of direct and indirect energy levels to the proportion value of x for Ge;_,Sn, alloy
can be estimated from the equations of 0.78x% — 2.00x + 0.87 and 0.34x?% —
0.91x + 0.71, respectively through virtual crystal approximation (VCA) of tight-
binding method; and also, energy gap formula of I valley equals 2.49x? — 3.76x +
0.88 and L valley is 2.28x2? — 2.85x + 0.72 if the mixed-atom method is utilized
[66].
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Figure 2.1 Bandgap energy value of Ge;_,Sn, regarding Sn content calculated with
VCA and Mixed atom methods [66].

The intersection points of the two graphs in Fig. 2.1 correspond to the required Sn
amount for the Ge radiative emission. Hence, the percentages for that purpose are
17% and 15% through mixed-atom and VCA methods, respectively. Besides,
Bandgap transition is experimentally demonstrated with an Sn ratio of 13% and 16%
[48]. Photoluminescence (PL) measurement reports indicate the desired change in
band structure [44], [45], [47], [48]

On the other hand, alloying Ge with Sn is not such an easy task. The main reasons
are the high lattice mismatch between Ge and Sn by 0.0843 nm, stability problem of
amorphous cubic structure Sn after 13°C [66], [67] and inefficient solid solubility
[46], [68], which results in different surface concentration than its film alloy GeSn.
In other words, segregation of surface material is observed [68]. As a result, GeSn

film growth is very effort-driven and complicated.



2.2 Strain Induction

The spatial arrangement of Ge atoms can be disturbed by strain induction. This
situation affects the band mechanism of Ge, similar to Sn incorporation. Required
level of tensile strain leads to a decrease in energy for both direct and indirect levels
where I' valley goes down faster than the L valley [58], [69]. Thus, a change in band
structure is acquired. Increasing the induction of tensile strain until I point is at a
lower energy level than L makes Ge direct band gap material. As well as optical
improvement, a climb in carrier mobility is also achieved in the presence of the strain
[70].

There exist two types of strain formation depending on optical axes. Biaxial strain
refers to strain existing in two perpendicular directions on a plane, and in the case of
having strain in one optic axis, it is called uniaxial strain. The band structure is
affected differently with respect to the strain types. Thus, the amount of tensile strain
that needs to be applied for the direct transition of Ge varies accordingly. Studies
have pointed out that tensile strain of 4.6% along the [100] direction [71]-[73] and
biaxial strain about 2% in the (100) plane [28], [58], [73]-[76], where the band
transition from indirect to direct is demonstrated in Fig. 2.2 [58], are necessitated for

direct-band gap behavior of Ge.



(@) (b)

Energy
300K :
/ T -
O< r
L
<100> - 0.66eV <111> <100> 48eV All>
Wave Vector Wave Vector
Heavy holes } Heavy holes
/ \ Light holes / \ Light holes
Split-off band Split-off band

Figure 2.2 Effect of strain on Ge bandgap. (a) Unstrained Ge band structure. (b) Ge
band structure after 1.9% biaxial tensile strain is induced on Ge, reduction in band
energy from 0.66 eV to 0.48 eV [58].

Another important issue here is whether the strain is tensile or not. While tensile
strain that results in elongation due to pulling apart decreases the difference between
the direct I' and indirect L valleys, the compressive strain which causes shortening
own to squeezing increases the difference even more. Hence, to enhance the optical
properties, tensilely strained Ge is desired [38]. In the light of studies, several
fabrication designs have been investigated to form the tensile strain on Ge with a
required amount, such as epitaxial growth [18], [77]-[81], mechanical-electrical
inductions [82]-[84], and utilization of stressor layers [52], [54], [61], [62], [85]-
[94].

2.2.1 Epitaxial Growth

One of the designs is epitaxial growth of Ge on top of an alloy, including group I1I-
V elements. The idea here is to take advantage of the relation between strain and
lattice mismatch, formulated as follows [95].

10



dpri(substrate) — dpy; (film)
dhkl (fllm)

Strain =

In the formula above, d and hkl refer to space and atomic planes, respectively. While
the positive result of the equation indicates tensile strain, negative is compressive
strain [95].

Applying this method, 2.33% biaxially tensile strained Ge is achieved where Ge is
sandwiched between InGaAs buffer layers on top of GaAs wafer [78]. This result is
observed with a 40% concentration of indium and the lattice constant of
Ing 40Gag goAs is 0.5792 nm. Following that, with a more straightforward structure
than Y. Huo et al.’s, nearly 2% strain is observed for 6 nm-thick Ge film with 0.30
In concentration; the importance of the interface stoichiometry on band modification
is indicated in their study [80].

As well as InGaAs, GeSn is also studied. Through curved layer effect, fabricated Ge-
GeSn structure results in uniaxial tensile strain in the direction of (110). The
transition of Ge from direct to indirect band material has been verified by the peak
position shift in photoluminescence (PL) measurements [81].

However, heteroepitaxial growth can be utilized if the film is thin considering the
lattice mismatch between the layers because the film thickness is directly
proportional to the dislocation formation [96]. Thus, the critical thickness should be

taken into account [95].

2.2.2 Mechanical-Electrical Inductions

Another method to induce strain is the external application of stress after sample
fabrication; so, the property of strain tunability is the primary acquisition in using

this technique. The gap between energy bands declines with tensile stress [97].

In the study of J. Greil et al., tensile stress is acquired through a 3-point bending
design; electrical and optical properties of Ge are controlled with varying the amount

of applied tensile strain [82].

11



J. R. Sanchez-Perez et al. offers such a structure in Fig. 2.3, causing mechanical
strain to Ge in the biaxial direction [98]. For this purpose, Ge nanomembranes (NMs)
are transferred onto a polyimide film, after which a gas with a very high level of
pressure is supplied into the system. Thus, Ge NMs are mechanically stretched.
Controllable strain with respect to applied gas pressure level is reported through
Raman spectroscopy. Also, photoluminescence measurements are performed to

observe the change in band energy of Ge at room temperature.

C— H G h-pressure gas

Figure 2.3 Illustration of strained Ge NM on a polyimide film via the application of

high-level gas pressure [98].

Electrical force is claimed to be a functional candidate for strain formation on Ge
[84]. Based on this idea, voltage is induced in between Ge and bottom layer of Si;
attraction of accumulated charges leads to bending of Ge microstructure as seen in
Fig. 2.4. Therefore, strain resulting from bending changes as a function of the applied
voltage level. Simulation results reveal the possibility of >4% tensile uniaxial strain

by increasing the applied voltage amount.

12



Electrostatic Force

Figure 2.4 Cross-sectional sketch of A. Ayan et al.’s design for strain induction.

Electrostatic force application and bending of Ge nanobeam are demonstrated [84].

2.2.3 Stressor Layers

Besides those techniques, strain formation is also observed via the use of stressor
layers. Through a stress layer deposition, the atomic symmetry of the substrate is
irritated; in other words, the strain has been transferred [99]. Strain induction goes
up by thicker stressor layers [93]. In accordance with this purpose, nickel (Ni) [100],
tungsten [93], [94] and silicon nitride (SiN,) [52], [54], [61], [85]-[91] are reported

materials.

Tungsten with a compressive stress about 4x10° Pa enables an appreciable amount
of tensile strain transfer via the deposition of tungsten under the suspended Ge
structure [93]. It is stated that the energy of direct bandgap is declined by 0.1leV
through the stressor tungsten layer.

Silicon nitride with the property of CMOS compatibility puts the other stressors in
the shade. SiN, with several patterns and deposition techniques/conditions has been
investigated. Thus, several distinctive designs for strain engineering are reported.
Silicon nitride is deposited just top surface of Ge [86], [89], [91], and covers also
sidewalls of Ge [52], [54], [61], [88] which offers a possibility of current injection

mechanism [85].

13



When germanium is encapsulated with SiN, layer [52], [90], direct band emission is
achieved [90]. In the study of M. El Kurdi et al., Ge is patterned like a disk with 6
um and 9 um diameters covered with SiNy stressor layer is shown in Fig. 2.5. T’
valley is acquired as in the same energy level with L valley for 9 um Ge microdisk;
even smaller energy level of T point is reported in the case of reducing the diameter
by 3 um. Ge disks with 6 pm and 9 um diameters offer biaxial tensile strain of 1.75%
and 1.67%, respectively, which is demonstrated as sufficient biaxial strain values to

convert the indirect energy band of Ge to direct one.

Pump SLN

L

Au

Si substrate

Figure 2.5 Demonstration of Ge microdisk encapsulated by silicon nitride [90].

2.3 n-type Doping

Doping has a different effect on the band structure of germanium in comparison with
Sn incorporation and strain induction. L valley of the conduction band is filled with
n-type impurities; in other words, the indirect conduction band is doped with a
certain level of electrons until compensation of energy difference in between valleys.
Thereby, unfilled band levels of " and L points become equal to each other so that
optically or electrically injected carriers are forced to recombine with holes of direct
I" valley radiatively [14], [19], [63], [101], [102]. Direct transition can also be
boosted through the continuation of carrier injection because, in this case, inter-band

scattering occurs from L valley to T" valley [69].
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Direct growth of Ge on top of Si without any modification is not a feasible method
owning to the lattice constant mismatch in between Si (~5.43 A) and Ge (~5.65 A)
by roughly 4% [30], [103], which obstructs the phonon transportation between the
interfaces [104], [105], and reorganization of atoms towards the Si/Ge border
increases complexity [104]. Deterioration of atomic order is directly proportional to
the lattice mismatch. On the other hand, just by adjusting the deposition temperature
during the growth of Ge on Si, the intended growth is possible, which in turn, thermal
expansion between the two layers brings in approximately 0.2% tensile strain [14].
Thereby, the future decreased gap of bulk Ge (136 meV) via the existence of the

strain can be compensated (in Fig. 2.3) by less amount of electron carriers.

E

electrons

Fan

<111>

tensile strained n* Ge

Figure 2.6 Illustration of tensile strained Ge band structure filled L valley through n-

type doping [19].

While Ge has a tensile strain of 0.25%, 7.6x10~° cm™3 electron concentration is
reported as the required amount to obtain roughly 400 cm™? optical gain Ge-based
lasers [19]. When strained Ge is optically pumped with nearly 7 kW /cm?, an optical
gain of 56 cm™? is obtained with 1.0x10~1° cm™~3 doping density [31].

Furthermore, the combination of bandgap engineering methods is an effective
technique to be applied. The reason for that is averting shrinkage of bandgap seen

after exceeding tensile strain of 2%, which results in not 0.8 eV, but 0.5 eV bandgap

15



difference. Therefore, the energy level of L valley is filled by electrons, n-type
doping, till being in same energy level with I" valley where Ge is 0.25% tensilely
strained. Such, through the combination of strain introduction and n-type doping
methods, monolithic integration of Ge on Si has a potential to achieve an optical gain
in the long-wave (LW-NIR) region with the wavelength of 1550 nm [14], [19].

However, parasitic absorption becomes more pronounced with increasing doping
level; lasing is obstructed in the case of carrier density around 1072° cm™3 [106].
Furthermore, the quality of crystal decreases with increasing the carrier injection
[102], and high threshold current density arising from high carrier density obstructs
Ge laser to be used practically. Even though the number of carriers has been
increased with doping, excessive doping causes absorption of free carriers [82]. As
a result, doping alone without being supported by any other techniques is not a

sensible method.
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CHAPTER 3

STRAIN MODIFICATION ON GERMANIUM ELECTRONIC BAND

STRUCTURE

As aforementioned in the previous chapters, the band structure of germanium is in
the form of an indirect band. Nevertheless, various applications convert Ge into
direct band-gap material by closing the energy separation between the direct valley
and indirect valley and making the energy level of the direct band even smaller than
the indirect one. Strain induction is a promising method to meet this demand, as the
energy band structure is corrupted in the presence of strain. The underlying reason
is that strain alters the lattice constant of material [70]. When the amount of strain
applied to Ge is sufficient, around 4.6% uniaxial strain in the <100> direction and in
the range of 1.6% and 2.0% biaxial strain, Ge can be used as a light emitter. To what

extent the strain affects Ge band structure is explained in this chapter.

3.1 A Brief Introduction to Strain-Stress

Strain is the ratio of change in length (i.e., deformation) to the material’s original
length. Positive strain means that the resulting strain is the tensile strain; otherwise,
it is compressive. Stress (o) is the quantity of the force applied per unit area. A linear
relationship exists between strain and stress, which is explained by Hooke’s Law (o
= E ¢) varying according to the material’s property called Young’s Elastic Modulus
(E), which is valid for a small amount of strain. Even though stress is implemented
in one coordinate axis, all three axes, x, y and z, feel the strain. While the material
extends longitudinally, at the same time, it shrinks in the other two directions. The
proportion of lateral strain to longitudinal one is denominated by Poisson's ratio (v).

As a result, strain with respect to stress in each direction is calculated following [97].
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Exx = % - % (ny + 022) (3.1)
Eyy = oEﬂ - % (Gxx +0,,) (3-2)
€22 = % - % (ny + Oxx) (3.3)

For lattice-mismatched biaxial strain (Fig.3.1), in which stress is exercised in the z-
axis direction to (001) surface [107],

ap—a 1C
Exx = Eyy = oa = _EC_ESZZ (3.4)
Exy = &z =&z =0 (3.5)

where C;; and C,, are the elastic stiffness tensors.

Unstrained Strained (biaxial tension)
tension
Z
® $ 9
a l 5
® ' ' A
]
¢ g
® ¢ x @ 9 \ ] T 5
< ay—>| <>
Substrate
@ ¢ . @ L L
@ L 4 9 ® @ ®

Figure 3.1 Biaxial strain formation in the presence of lattice mismatch in between

two layers (lattice constants of substrate and film a, and a, respectively) [108].

If the stress is externally applied,

C1z o (3.6)

Exx = Eyy = —
xx Yy C112+C11C12—C12% %
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C11+C2
Ezz = 2 20z
C11°+C11C12—C12

3.7)

Strain can be divided into three as hydrostatic strain and two types of shear strain
[58], [70], [97]. While hydrostatic strain (isotropic strain) refers to volume change,
the shear strain applied to the surface in parallel (uniaxial or biaxial strains) refers to
the change in the shape of the material. The matrix representations of strain are given

as follows [97].

Exx T &y + &4 0 0
Hydrostatic Strain = § 0 Exx T Eyy t &5, 0
0 0 Exx T Eyy T &4
(3.8)
Shear Strain =
264y — Eyy — &z 0 0 0 &y &
é 0 28yy — Exx — & 0 +|&x 0 &y
0 0 28;; — Exx — Eyy Ex &y O
(3.9)

In Eq. (3.9), where all nondiagonal entries are zero, the shear strain component is
responsible for the length change, such as observed in the case of stress
implementation along the <100> direction. Other shear strain corresponds to
rotational effects in which stress is only in the direction of <110> or <111>. The
material's band structure subjected to strain exhibits several characteristics by the
existing strain types [58]. To demonstrate, unlike the energy band splitting effect of
shear strain, just a shift in energy bandgap is observed with hydrostatic strain [70].
In addition to this, as stated in chapter 2, the level of strain resulting in direct optical

transition varies with respect to the direction of strain being uniaxial or biaxial.
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3.2  Change in Band-Edge Energies via Strain

Shear strain deforms the periodicity of the arrangement of the atoms in a crystal,
which in turn causes degenerate bands splitting, lifting and band wrapping [70], [97].
In the existence of tensile strain (not including the (111) in-plane), I" valley comes
to smaller energies faster than L valley [37]. Thus, at the sufficiently high strain, the
energy level of conduction band for electron-hole recombination is no longer L point
but becomes I" point, and the valence bands split off as seen in Fig. 3.2. The upper
valence band is the 1% valence band (1% VB), and the other band is the 2" valence
band (2" VB). In uniaxial tensile strain, these bands indicate light hole (LH) and
heavy hole (HH), respectively. The ratio of HH and LH masses is 0.33/0.043 [109].
Thus, strain results in a sharp decrease in density of states (DOS) effective mass by
pulling up the 1% VB [110], which offers an increase in optical gain [19]. The
movement of I" valley (downward) and valence bands (upward) [58] further reduces

the band gap via increasing strain, which enhances the direct band transition.

A
>
----- Unstrained

K'
— Strained

*\N\2™ VB

Figure 3.2 Movement of Ge band energies with the effect of tensile strain [95] 1%
VB represents light holes (LH), and 2" VB is heavy holes (HH).
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In the conduction band of Ge, strain leads to a shift in energy. This effect is stated
by some researchers with deformation potentials [111]. Hydrostatic deformation
taking place in the conduction band [112] with taken non-diagonal strain tensors as

zero is
AEhydrostatic def. = (Ed + %Eu) [T (gxx + <c-'yy + 822)] (3-10)

where T denotes unit tensor, and =4 (&) indicates the dilation (shear) deformation

constant, and for Ge, the expression =, + §5u equals to 2.34 eV [18].

If the stress is implemented in the <110> and <111> directions, shear deformation is
observed as follows [112], [113].

1 .
AEshear def,<110> = g544-’-"u0<110> (3.11)

1 =]
55445u0<111>
AEghear def,<111> = 1 . (3.12)
- g54-45u0'<111>

where S,, is compliance constant, and =, is 16.2+0.4 eV [113].

In the light of all the mathematical expressions [108], [111]-[113], the following
inference for the change in I' valley and L valley of conduction band due to strain

has been made [58] with taken non-diagonal strain tensors as zero as

AEr = Er — EF,unstrained = ac (gxx + Eyy + Ezz) (313)

—_ 1.
AE;, = Ey, — E1 unstrained = (':'d + gau) (Sxx + &yy + Szz) (3.14)

where a. is hydrostatic deformation potential and equals -8.24 eV by the theory of
model solid [72].

In the valence band of Ge, spin-orbit split-off and/or shear strains are the reasons
for electronic bands splitting [72]. Bir-Pikus and Luttinger-Kohn Hamiltonian

methods are stated to explain the split-off reaction [107]. Hence, band-edge energies
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of heavy holes (HH), light holes (LH) and spin-orbit split-off (SO) are given in ref

107 and are also referred to with the addition of unstrained values in ref 58 as

Eyn = EHH,unstrained - P —0Q; (3-15)

1
Eig = ELH,unstrained — P+ E(Qe -4+ \/AZ + 24Q; + 9Qsz> (316)

1
Eso = ESO,unstrained — P+ Py <Qs —-4- \'/A2 +24Q, + 9Q£2) (3-17)

where A represents the spin-orbit split-off energy, P, and Q. are

P. = —a,(&xx + &y + €57) (3.18)

b
Qe =~ (&xx + &y — 264,) (3.19)

where a,, is hydrostatic deformation potential (1.24 eV for Ge [72]) and b is shear
deformation potential (-2.16 eV for Ge [114]), which are in general Bir-Pikus
deformation potentials. Also, here non-diagonal strain tensors are taken as zero.

As aresult of Egs. from 3.13 to 3.16 with the inclusion of Egs. 3.4 and 3.5, for biaxial
strain along the {100} plane, conduction band energies [I" point (E.r ), and L point
(Ez.)] and the valence band-edge energies of light holes (E;;, ) and heavy holes
(Epy ) are plotted [58] in Fig. 3.3. Here, the required minimum biaxial-strain level

of %1.9 where E. equalsto E,;, is clearly observed.
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Figure 3.3 The change in energy of valence bands and conduction bands with respect
to exercised {100} biaxial strain [58].

3.21 Strain-Dependent Energy Band Transitions

The emission resulting from the transition between conduction and valence band
edges is associated with light polarization and can be explained by dipole moments
[115]. For this purpose, in the study of T. Chong and C. Fonstad, matrix element is

used, and four-wave functions of the valence band (v, v,, v3,v,) are involved as

For TE polarization through the direction of x-axis or y-axis,

Mzcvi,x(or y) = 2 (3.20)
, 1=3,4

For TM polarization through the direction of the z-axis,

(3.21)

M, depends on bandgap energy of unstrained material (E,), electron effective mass

(m.) and spin-orbit split-off energy (A) as
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3h%e?Ey (A+Eg)

M, 2= 2
2MEcy? (3Eg+2A)

(3.22)

where e is the electron charge, and the energy difference between the conduction

band and valence band is represented by E., = E. — E,, .

Transverse electric (TE) and transverse magnetic (TM) are the modes of
electromagnetic waveguides where electric field and magnetic field components are
transverse to the propagation direction, respectively. In short, perpendicular
polarized light is called TE, and parallel polarized light is TM. In the Egs. 3.20 and
3.21, v; and v, refer to heavy holes where light holes are denoted by v; and v,.
Hence, it is concluded that the emission due to the transition from conduction band
I" point to heavy holes is only subjected to the TE-polarized light. In contrast, the
conduction band I' point to light holes transition involves both modes, more
predominantly TM-polarized light [115]. In other words, TM polarized transition in
between I' point and the light hole is higher than TE polarized case [28], [76]. In
the presence of uniaxial tensile strain, because LH is closer to I" valley than HH, the
light emission predominantly results from I'2>LH transition and is mainly TM-
polarized [58].

Consequently, the transition energies in between conduction bands and top two
valence band edges, which are called interband (IB) transitions ('>VB1, VB2 and
L->VB1, VB2), and in between valence band energies, which are called intervalence
band (I'VB) transitions from the top valence band edges to the split-off band (VB1,
VB2->VB3), are plotted in Fig. 3.4 with respect to (001) biaxial tensile strain and
[100] uniaxial tensile strain [116]. The transitions from I" to VB1 and VB2 refer to
the direct transitions of cI'>LH and cI'>HH while the indirect band energies are
represented by L valley transitions of cL->LH and cL>HH [98], [117], [118].
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Figure 3.4 Transitions in between Ge band energies for (a) (100) biaxial strain and

(b) [100] uniaxial tensile strain, solid lines (dashed lines) indicate interband
(intervalence band) transitions [116].
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CHAPTER 4

FINITE ELEMENT METHOD (FEM) SIMULATIONS OF STRAIN
DISTRIBUTION

The finite element method (FEM) is performed using COMSOL Multiphysics
software with a solid mechanics module to determine the dimension of the most
efficient Ge microstructures, providing the highest possible biaxial and uniaxial
strain levels. Strain distribution on Ge microstructures is analyzed in this chapter. In
the light of strain results, a photolithography mask to be used to fabricate the

structures is designed considering the simulation dimensions.

41  Geometrical Optimization for Uniaxial Tensile-Strained Ge

Microstructures

A schematic of Ge microstructure to induce uniaxial tensile strain is shown in Fig.
4.1(a). Here, silicon is the substrate of the structure, where silicon dioxide is an
insulator layer underlying the Ge microstructure, and silicon nitride is a stressor film
covering Ge's top and sidewalls. Initial tensile stress to SiNx is defined as 1 GPa.
The top and bottom layers of Si are assigned as fix constraints. Meshing is
constructed considering the dimensions of individual geometries such that while
element size for Ge is extremely fine (due to having the smallest size compared to
others), it is set as extra fine for SiNx and SiO,. Besides, the entire geometry is

meshed by a free tetrahedral node where the size is extra fine.
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Figure 4.1 Illustration of the designed structure for uniaxial tensile strain induction
to Ge microstructure (a) 3-dimensional view and (b) cross-sectional view with

parametric denotations.

As observed from the following results, strain level markedly varies with depth and
width of the Ge, length of bridge (Lgrigge), length of underetching (Lyngeretcing):
thicknesses of SINX (tsiny) and Ge (tge) denoted in Fig. 4.1(b). The width and length
of the whole structure are kept constant as 50 um and 200 um, respectively, where
Si thickness is 300 pum, oxide thickness is 81 nm, and Ge length is 150 pum. First of
all, the effect of Ge width (wg.) on strain level is analyzed. Strain decreases by
increasing Ge width ,as indicated in Fig. 4.2, where tginx = 700 nm, tge = 400 nm,
Lgridge= 50 UM and Lyngeretcing= 100 um. Therefore, Ge width is set as small as

possible (i.e., 2 um) by considering the fabrication precision.

28



- | ]
0.24 ",

Uniaxial strain, exx (%)
o
o
a0
I
| ]

By
g
0.20 | 'l-._

0.4812 16 20 24'
Ge width (um)

Figure 4.2 Change in uniaxial strain with respect to Ge width.

Lprigge followed by Lyngeretcing @ré varied as given in Fig. 4.3. While uniaxial
strain diminishes with increasing the length of the bridge in Fig. 4.3(a), it climbs up
in almost direct proportion to underetching length in Fig. 4.3(b). The bridge length

is set as 4 um during the investigation of underetching length.
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Figure 4.3 Change in uniaxial strain with respect to (a) bridge length and (b)
underetching length.

Following that, how the thicknesses of Ge and SiNx affect the strain level is analyzed

where the lengths of bridge and underetching are 4 um and 116 pm, respectively. Ge
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thickness should be reduced to increase the uniaxial strain while SiNx thickness
should be increased, as shown in Fig. 4.4(a) and Fig. 4.4(b), respectively.
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Figure 4.4 Change in uniaxial strain with respect to the thicknesses of (a) Ge and (b)
SiNx layer with tge = 260 nm.

The constructed exemplary 3D model by COMSOL is given in Fig. 4.5(a), where
the parameters are set as different than used in the simulations for easily imagining
the whole structure where Lyngeretcing= 10 UM and tsjo,= 0.81 pum. Figure 5.5(b)
shows the top view of the structure with wge =2 pm, tging = 700 nm, tge =260 nm,
Lgridge= 4 UM and Lyngeretcing= 116 pm, indicating the strain distribution on Ge
microstructure by a color legend, and strain line profile along the bridge resulting in

the maximum strain as 5.87% is obtained in the middle of the Ge bridge.

Briefly, strain can be increased by decreasing the width and thickness of Ge, and the
length of the bridge, increasing the SiNx thickness and the underetching length.
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Figure 4.5 Localized strain distribution in constructed 3D COMSOL model of Ge
microstructure (a) side view for imagining the whole structure with Lyngeretcing= 10
pm and tg;,=0.81 um, (b) top view of 5.87% uniaxial strained Ge and strain profile
along the bridge with wge =2 um, tgjny = 700 Nm, tge =260 NM, Lpigge=4 um and

LUnderetcing: 116 pm.

4.2  Geometrical Optimization for Biaxial Tensile-Strained Ge
Microstructures

Y-shaped Ge (120° angled three tails) is designed (in Fig. 4.6) to obtain a biaxial
tensile-strained Ge microstructure, for which SiO, (the bottom layer of Ge) is etched
in a square shape to suspend Ge, and also 1 GPa stressor SiNx layer is etched in the

shape of a circle for transferring strain to the mid-region of the Ge where the three
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tails meet. Fix constraint domains and meshing element sizes are defined as the same
as the previous simulations performed for uniaxial tensile-strained Ge
microstructure. Ge width is kept at the smallest value (2um) as concluded from the
previous structure. Thicknesses of Si, SiO,, SiNx and Ge are set as 3 um, 81 nm, 700

nm and 260 nm where the area of the total square-shaped structure is 110 pm?.

Figure 4.6 Illustration of the designed 3-dimensional model for biaxial tensile strain

induction to Ge microstructure.

Firstly, the effect of air in circular shape where Ge is not covered with SiNXx is
investigated, resulting in strain change with respect to the radius of the circular air
gap (Rajr) is given in Fig. 4.7(a) where Lyngeretcing = 65 UM. It is obtained that strain
in the middle region of Ge declines by widening the uncovered Ge region, in other
words, by increasing the Ry;.. Therefore, R,;,- is set to the minimum value (3 pm)
and then, Lyngeretcing 1S altered. However, even though strain increases with
increasing the underetching length, a remarkable change in strain level could not be

achieved, as seen in Fig. 4.7(b).
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Figure 4.7 Change in biaxial strain with (a) varying air circle radius (R,;.) Where
Lunderetcing = 65 m and (b) varying underetching length (Lyngeretcing) With Rair =

3 pm.

Additional etch holes are designed to increase strain and added in Fig. 4.8(a); the 3-

dimensional model of the structure built in the COMSOL is renewed by additional
holes, as shown in Fig. 4.8(b).

(a) (b) A53x107

%107
m
Em oo 50 100

Additional etch holes 100
Additional etch holes /

/

5i0,

Si Substrate

L—‘x 0 N

¥ -9.3x107

Figure 4.8 Renewed biaxial tensile-strained Ge microstructure design (a) illustration
with additional etch holes, and (b) top view of whole structure with biaxial strain
distribution performed using COMSOL.
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Strain distribution profiles before and after additional etch holes are given in Fig.
4.9(a) and Fig. 4.9(b), respectively. Additional etch holes allow for a significant
increase in strain level from 0.2 % to 2.4 %, which are evaluated from a point located
at equal distances to X, y and z coordinates of the mid-region of Ge where the three
tails meet. Therefore, while designing a photolithography mask, it is decided to

include a sublayer to obtain these additional etch holes.

() (b)

A 1.1x107 A 53x107
%1072 %1072

2

Figure 4.9 Zoom-in strain distribution profile which is localized in the mid-region of
Y-shaped Ge microstructure (a) without and (b) with additional etch holes resulting
0.2 % and 2.4 % strain levels, respectively.
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CHAPTER 5

FABRICATION OF STRAINED GE MICROSTRUCTURES

This chapter begins with a brief introduction of the liquid phase epitaxy (LPE)
technique, which assists in the crystallization of Ge stripes. Following that,
fabrication steps of uniaxially and biaxially tensile-strained Ge microstructures via a

stressor layer are described, respectively.

51 Liquid Phase Epitaxy

The growth method by liquid phase epitaxy (LPE) is first proposed by Liu et al. to
deal with the adverse outcomes of the direct Ge film growth on Si substrate, such as
dislocations and defects on crystal germanium. Thus, single-crystal Ge with a unique
quality is achieved [119].

In this technique, the Ge stripe is in contact with Si substrate from a very narrow
region instead of the entire film surface to prevent defect formation and encapsulated
with two insulators [119], [120]. Insulator layers play an essential role in holding the
liquid Ge into the defined shape during Ge in a liquid form. Until reaching the liquid
phase form of Ge, the structure is heated via a rapid thermal annealing system (RTA).
The arranged temperature is higher than the melting temperature of Ge, 937 °C, and
lower than Si's 1414 °C melting temperature. After that, to initiate the crystal growth
of Ge, it is cooled down below the liquid-solid equilibrium temperature within a
short time. The area in which Ge touches the Si is called seed. It is very narrow to
prevent defect propagation along horizontal direction via the effect of the necking
mechanism in Fig. 5.1 where the seed window meets with the Ge stripe [120], [121],

which means that beyond the seeding area, defect-free Ge can be achieved.
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Figure 5.1 Termination of the dislocations in the seed zone by a necking mechanism
[121].

Here, Si atoms diffuse into the Ge from the seed window when Ge is in liquid form;
the solidification temperature in this region is higher than the Ge stripe's continuation
due to higher Si composition availability, as shown in Fig. 5.2 [122], [123]. Hence,
the liquid phase epitaxial growth starts from the seed and continues in a lateral

direction along the Ge stripe.
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Figure 5.2 Cross-sectional schematics of rapid melting growth by Si/Ge mixing from

the seed window and far beyond the seed region [122].

Random nucleation occurs due to the slower growth propagation speed than Ge's
crystallizing, making Ge polycrystalline instead of a single crystal [119]. For that
matter, heating and cooling temperatures should be adjusted considering this
situation. Eventually, the Ge crystallization process from the Ge/Si interface is
observed; the orientation of single-crystal Ge becomes identical with a silicon

substrate, as shown in Fig. 5.3 [124].
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Figure 5.3 Ge-on-insulator structure (GOI). (a) Demonstration of lateral liquid-
phase epitaxial growth. (b) Optical microscope image of Ge stripe (top); its crystal
orientation via electron backscattering diffraction (EBSD) analysis (bottom), which

follows the orientation of (100) Si substrate along the Ge wire [124].

5.2  Process Flow of Strained Ge Microstructures via Stressor Layer

As indicated in chapter 4, the dimension of the microstructures is determined
according to COMSOL Multiphysics simulation results giving the highest strain
level with respect to the specific designs. In the light of these dimensions, before
starting the fabrication of strained Ge microstructures, a photomask that includes
patterns of structures to be fabricated is designed via using software programs of
CATIA and AutoCAD. This mask is used in photolithography processes to transfer
the predefined mask's patterns to a film surface. The mask which is designed for this
study consists of 29 different layers (sub-masks). Each layer is coded depending on
the process flow and type, as indicated in Fig. 5.4. Design contents of these layers

are given in the following sections, where the layers are applied to fabricate the
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structures. Mask is manufactured by an institution with a material of Soda Lime glass
and the sizes of 5" x 5" x 0.09".
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Figure 5.4 Zoom-out view of designed photomask including (a) 29 different mask

layers (sub-masks) and (b) the codes of layers.

Non-stoichiometric silicon nitride (referred to as nitride or SiNXx) is simultaneously
examined for the film's potential to act as a stressor layer and the amount of

transferring strain. After that, the fabrication process begins.

521 Investigation of Silicon Nitride as a Stressor Layer

Before fabricating Ge microstructures, silicon nitride (SiNx) is analyzed since the
SiNx film is planning to be used as a stressor layer. For this purpose, a nitride film
is deposited on Si substrates (1x1 cm?) by sputtering deposition, one of the physical
vapor deposition (PVD) techniques. It is aimed to find fabrication parameters that
provide maximum tensile and compressive stress for transferring strain to the
germanium. Sputtering target material, radio-frequency (RF) power, deposition
pressure, argon and nitrogen gas flow rates, and deposition duration are the

sputtering parameters varied as shown in Table 5.1 to observe their effects on stress
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levels. Nitrogen (N,) and argon (Ar) flow rates are set considering their sum giving
20 sccm. Following that, the thickness and refractive index of the deposited films are
determined using ellipsometry measurements (in Table 5.1), where the spectra taken
are fitted using the Tauc-Lorentz function. It is observed that the increase in
deposition pressure causes a reduction in the refractive index of SiNx film. The film
deposited with a high deposition pressure grows in porous form because the SiNx
atoms could not be stacked tightly enough on Si substrate due to higher pressure

exposure [125].

Table 5.1 Sputtering deposition parameters and ellipsometry measurement results

of silicon nitride film.

. . Ellipsometry
Sputtering Deposition Parameters
Measurements
Gas Flow
Pressure .
RE (mTorr) Rates Film
UL Duration

Target | Power (sccm) -

min :
(Watts) Deposition Base Ar N, Thickness Relfr:ctlve
Pressure | Pressure | Flow | Flow (nm) neex
(@632.8nm)

5e-7 4 68.4 1.97
1.9e-7 6 63 1.94
) 1.9e-7 8 62 1.79

SINX 350 20 - 50
2.3e-7 12 73.9 1.59
7.5e-7 16 51.9 1.71
8e-7 20 74.2 1.61
19 1 954 1.88
185| 15 40 1.93

30
184 | 1.6 62.6 1.94

Si 300 2e-6 4

183 | 1.7 55.4 1.95
184 | 1.6 60 101 1.91
184 | 1.6 120 190 1.98
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The type of stress (tensile or compressive) and its level depend on the film's quality.
Therefore, Fourier transform infrared spectroscopy (FTIR) measurements are
performed to characterize the chemical bonding of the nitride films. FTIR spectra of
the films sputtered under 6 different deposition pressure conditions are shown in Fig.
5.5(a). Absorption at roughly the wavelength of 850 cm™? that is more prominent in
the spectra of 4 mTorr and 6 mTorr, results from Si-N stretching mode [126]. This
peak becomes less pronounced with increasing the deposition pressure, which
indicates the weakening of Si-N bonds, forming a porous film.

In order to utilize the LPE technique, SiNx will also undergo an annealing process
owning to being the capping layer on the Ge. Therefore, the change in the bond
formation after RTA at 1000 °C is also analyzed in Fig. 5.5(b). After annealing, the
formation of Si-O stretching mode is observed at higher deposition pressures. That
bond can occur due to possible oxygen in the environment during the RTA process.
While denser films deposited at lower pressures are not affected, porous films
contain Si-O bonds. As seen clearly in Fig. 5.6, silicon nitride film deposited at 4
mTorr preserves its bond structure quality, while oxidation is observed in the 20

mTorr film after annealing.
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Figure 5.5 FTIR spectra of silicon nitride films sputtered using a SiNx target at

different deposition pressures (a) after deposition and (b) after RTA at 1000 °C.
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Figure 5.6 FTIR spectra of films deposited using a SiNx target at (a) 4 mTorr and (b)
20 mTorr, before and after RTA at 1000 °C.

Surface profiles of the films sputtered at different pressures are measured before and

after annealing, as given in Fig. 5.7, to quantify the surface stresses by using Veeco

Dektak 6M Profilometer. As a result, the curvature radii of the profiles are extracted.
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Figure 5.7 Surface profiles of silicon nitride films deposited using a SiNx target in
different pressures (a) before RTA and (b) after RTA at 1000 °C.

After that, the radii are used in the equation below to get stress values [127].

Esds”

9 = s(i-vo)d;
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E is the young modulus of the substrate, equals 170 GPa for Si, hs is the thickness

of Si substrate that is 300 um in our case, and thickness of the film is symbolized

with h . where its value is taken from the ellipsometry measurements (in Table 5.1).
v is the Poisson ratio (0.27); curvature radii before and after deposition are R, and

R¢. When all these values are substituted in Eq. (5.1), the results of film stresses are
given in Fig. 5.8. Here, the positive stress indicates tensile stressed films, while the

negative stress is compressively stressed films.
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Figure 5.8 Stress values in silicon nitride films deposited using SiNx target at
different deposition pressures.

It is observed that compressive stress reduces with increasing deposition pressure
before annealing as specified in literature [128], [129]. However, the RTA process
mainly causes to alteration of the compressive stress to tensile one. As a result,
silicon nitride films with both tensile and compressive stresses are fabricated where

the sputtering target is SiNx, and the RTA effect on stress is also investigated.

On the other hand, the deposition rate (nm/min) is below the sufficient level when
the target material in sputtering is SiNx. Hence, reactive magnetron sputtering where

Si target and nitrogen gas at some degrees have been involved is examined for the
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deposition of the silicon nitride film, resulting in the same thickness with less
duration as desired (in Table 5.1). Stress quantity and its type using the Si target are
analyzed, where deposition pressure is kept constant at 4 mTorr, and nitrogen gas
flow is varied, as shown in Table 5.1. Surface profiles and curvature radii of silicon
nitride films for 4 different nitrogen gases before and after RTA are taken by Dektak
profilometer in Fig. 5.9. From the spectra, it can be asserted that compressive stress
IS acquired by 1 sccm, 1.5 sccm and 1.6 sccm nitrogen gas flows, while 1.7 sccm
causes tensile stress on silicon nitride in Fig. 5.9(a). After annealing the films, stress
types deposited with 1.5 sccm and 1.6 sccm nitrogen gases remain unaffected in Fig.
5.9(b). Therefore, in the 1.6 sccm environment, the change in the stress value and its

type depending on the film thickness are also investigated following.
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Figure 5.9 Surface profiles of films deposited by reactive magnetron sputtering
technique using Si target for different nitrogen gas flows (a) before and (b) after
RTA.

Deposition pressure is set as 4 mTorr, and RF power is 300 W. Three different films
are sputtered with the duration of 30-, 60- and 120-minutes at 6 sccm. Following
that, the surface profiles are measured before and after annealing in Fig. 5.10(a) and
in Fig. 5.10(b), respectively. The resulting profiles show that all 3 films fabricated
under the same conditions have compressive stress independent of the deposition

duration.

43



—~
L
~~
O
~

500
1.6 sccm ——— 30 min. 1.6 sccm ——30min.
800 - gefore RTA — 60 min. After RTA
120 min. 400
‘g 600 ‘E 300}
£ E
= 400} = 200}
2 =)
© © L
L 00l S 100

100}
o 1 2 3 4 5 6 71 o 1 2 3 4 5 6 71
Horizontal Distance (mm) Horizontal Distance (mm)

-200

Figure 5.10 Surface profiles of films deposited by reactive magnetron sputtering
technique using Si target for different deposition duration at 1.6 sccm nitrogen gas
flow (a) before and (b) after RTA.

The radii of curvature obtained from the surface profiles shown in Fig. 5.9 and Fig.
5.10, and the film thicknesses (in Table 5.1) are substituted in Eq. (5.1); after that,
the stress values in these films are calculated. The results obtained from the profiles

are given in Fig. 5.11(a) and in Fig. 5.11(b), respectively.
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Figure 5.11 Stress values obtained before and after annealing of silicon nitride films
deposited by a reactive magnetron sputtering method using the Si target (a) at
different nitrogen gas flows and (b) at different deposition duration (thicknesses) in

an environment of 1.6 sccm nitrogen gas flow.
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In brief, fabrication of silicon nitride film with compressive stress is not only possible
by using SiNx target but also Si target in sputtering. Therefore, the Si target can be
preferred for time-saving, and Ge microstructures can be capped with a silicon
nitride film deposited in an environment where nitrogen gas flow is 1 sccm (19 sccm

for oxygen gas flow) to get roughly 1 GPa stress level.

522 Fabrication Steps

Silicon wafer with the properties given in Table 5.2 is used as a substrate and cleaned
using the solutions of RCA-I (i.e., ammonium hydroxide (NHsOH), hydrogen
peroxide (H20) and DI water with a ratio of 1:1:5) and RCA-II (i.e., hydrochloric
acid (HCI), H202 and DI water with a ratio of 1:1:5) for 10 minutes at 75 °C. This
cleaning is necessary to remove the organic contaminants and metal ions from the Si
wafer, respectively. The surface of Si is oxidized after the cleaning; therefore,

hydrofluoric acid (HF) is employed to obtain a pure Si wafer.

Table 5.2 Silicon wafer properties.

Type of wafer: Mono n-type
Growth method: Czochralski (CZ)
Dopant element: Phosphorus
Thickness: 280 um
Resistivity: 1-3 ohm.cm
Orientation: <100>

Wafer finish frontside/backside: Double Side Polished (DSP)

Following that, the Si wafer's surface is thermally oxidized to acquire a high quality
and stress-free silicon dioxide (SiO.) layer on top of Si with a thickness of 81 nm
measured via ellipsometry. The obtained sample is cut into 1.3x1.3 cm? squares that
is consistent with the dimensions of the sub-masks (i.e., 0.8x0.8 cm?). To take

advantage of the LPE method, seed windows are defined by the following first
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photolithography process as illustrated in Fig. 5.12. First of all, the sample in Fig.
5.12(a) is cleaned from the possible organic residues via acetone, isopropyl alcohol
(IPA) and deionized (DI) water, respectively in an ultrasonic machine at 55 °C for
10 min.; nitrogen gun and hot plate are used to dry the sample. S1805 positive
photoresist (PR), where only UV light exposed regions are solved in the developer
solution, is applied to coat the sample by a spin coater at 4000 rpm spin speed. After
the coating, dehydration and adhesion of the PR layer are provided by heating the
sample at 115°C for 60 seconds on the hot plate, called soft bake. Following that, the
designed mask layer 1 (in Fig. 5.13) is used to define 3x3 cm?seed windows. After
contact of the mask and the sample, 26.13 mJ/ cm? ultraviolet light (UV) is exposed
in Fig. 5.12(b) via a mask aligner system; so that the seed window with the desired
pattern is transferred to the sample. The physical property of selectively UV-exposed
PR region is changed; therefore, it is dissolved when AZ 726 MIF developer is
applied, as shown in Fig. 5.12(c). Here, development time is very crucial. In a long
time, all photoresist layers are removed; but the desired dimensions and shapes
cannot be obtained in a short time. Therefore, duration should be adjusted very
carefully. Then, the sample is kept on the hot plate at 120 °C for 180 seconds to make
sure the solvent is completely removed, harden the remaining PR, and make PR
resistant to etchant solutions, which is called hard bake. After that, SiO, located in
the seed region whose surface is not protected by PR is etched by buffered oxide
etchant (BOE) in Fig. 5.12(d), and the etching is stopped via DI water after reaching
the surface of Si substrate. Whether the SiO, in seed window has been etched
without any residue left, hydrophobicity of the outside of the mask layer is check.
Being hydrophobic is proof that the SiO, is etched on Si and the remaining surface
is Si that is hydrophobic in nature unlike the SiO,. The last step is removing the rest
of the PR via acetone. Also, to remove PR precisely, acetone, isopropyl alcohol
(IPA) and deionized (DI) water are applied respectively in an ultrasonic machine at
55 °C for 5 min. At last, seed window is defined as demonstrated in Fig. 5.12(e).
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Figure 5.12 Photolithography process flow to create a seed window. (a) Thermally
growth SiO, on top of the Si sample. (b) Exposing the photoresist (PR) coated
sample to UV light in which mask layer 1 is used. (c) After etching the exposed PR
region within a developer solution. (d) After etching of the specified SiO, area with
buffered oxide etchant (BOE). (e) After removal of PR from the surface via acetone

and isopropyl alcohol (IPA).
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Figure 5.13 Mask layer 1 designed for seed windows photolithography process

consisting of 3x3 cm?squares.

Optical microscope using 100X objective and scanning electron microscope (SEM)

images of seed window are taken as given in Fig. 5.14.

(a)

(b)

1 pm

Figure 5.14 The defined seed window’s (a) optical microscope image using 100X

objective and (b) SEM images with 20 um and 1 pum (zoom-in) scales, respectively.
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Additionally, a seed window before the step of removing the PR (Fig. 5.12(d)) in
which roughly 500 nm-thick thermally growth SiO, sample used is cut from the
midpoint; its 80° tilted SEM image is taken as shown in Fig. 5.15(a). Thereby, the
isotropic etching profile with a slight undercut below the PR layer is observed
clearly. Also, the height measured approximately 937.5 nm (Fig.5.15(b)) can
confirm that SiO,, in the seed region is successfully removed as being close to the

sum of SiO, and photoresist heights, which are approximately 500 nm and 400 nm.

(@)

(b)

Pa1=9375nm

Ph1=938°

2 um

Figure 5.15 80° tilted SEM image of (a) the seed window (b) with height
measurement.
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After defining the seed windows on the sample, the process flow continues by
deposition of the germanium. For that purpose, sputtering deposition is implemented.
It takes place in an environment with 200 W RF power, 2 mTorr deposition pressure,

20 sccm argon flow, and a base pressure of approximately 4x10~7 Torr in Table 5.3.

Table 5.3 Ge film sputtering deposition parameters.

Pressure Gas Flow Rate
RF Power
Target (Watts) Base Deposition Argon Flow Rate
Pressure
Pressure (Torr) (sccm)
(mTorr)
Ge 200 2 4x10~7 20

Four Ge films are deposited on Si substrate with different power and deposition
pressure values in Table 5.4 to determine the RF power and deposition pressure
parameters. Then, the roughness of films is measured using atomic force microscopy
(AFM). In accordance with the results (in Fig. 5.16), it is obtained that the minimum
root mean square (RMS) roughness (Rq) is achieved with higher RF power and lower
deposition pressure. Therefore, 200 W and 2 mTorr are chosen as deposition
parameters; Ge film in the amorphous form is fabricated with the thickness of
roughly 260 nm, which is measured by Veeco Dektak 6M Profilometer. Herein, to
ensure that the seed windows are filled with germanium, the thickness of the Ge film
is adjusted to be a minimum of 100 nm, thicker than the thickness of the 81 nm-thick

thermally growth SiO,.
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Table 5.4 AFM results for different deposition parameters of Ge.

Ge Deposition Roughness Root Mean Surface Surface
Parameters | Average (nm) | Square (nm) | Skewness | Kurtosis
200 W, 2 mTorr | 0.6132483 0.8629907 3.346755 | 41.28211
200 W, 5 mTorr | 0.8449203 1.129518 -0.9538143 | 17.12511
200 W, 8 mTorr 1.28428 1.697388 1.712517 | 43.54001
100 W, 5mTorr | 0.9180121 1.168602 0.3867953 | 4.884734
(a) 1.175 , —
— 1k - -m--5 mTorr ]
£
-—c; 1.165 4
E 1.160 <
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Figure 5.16 The change of root mean square (RMS) roughness (Rq) according to (a)
the deposition power where the deposition pressure is kept as 5 mTorr, and (b) the
deposition pressure in which the deposition power is 200 W.
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An illustration of the sample after deposition of amorphous Ge is given in Fig. 5.17.
The inhomogeneous film thickness occurred in the seed region is just ignored for
schematic. After deposition, Ge is patterned via the second photolithography process

to obtain uniaxial or biaxial strain on Ge.

Si0,

S1 Substrate

Figure 5.17 Schematic of the sample after the sputtering deposition of Ge.

5.2.2.1  Uniaxially Tensile-Strained Ge Microstructures

The second photolithography process is applied to pattern the Ge film with specific
mask layers, which result in uniaxial strain. All the steps, including cleaning the
sample, covering it with the PR, baking, and development processes, are the same as
the first photolithography. The differences are the mask layer used and marker
alignment steps. Sub-mask numbered 2 that consists of the uniaxial microstructures
as shown in Fig. 5.18 is applied. For this purpose, it is aligned with the markers of
the previous transferred mask layer 1 to overlap the seed windows with the Ge
stripes. Thus, all sub-masks include alignment marks located at the corners to
superimpose one layer over the previous layers for subsequent patterning. Hence,
before exposing the sample to UV light, the alignment marks of the layers are
matched with each other in Fig. 5.19 via using the microscope of the mask aligner

system.
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Figure 5.18 Mask layer 2 designed for Ge stripe structure, consisting of a 2x247 pm?

rectangle and a 4.1x4.1 um?seed square.
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Figure 5.19 The matched view of two alignment marks (filled and unfilled

geometrical shapes).

The result of the second photolithography is the patterned PR layer where the sub-

mask 2 design is transferred, as illustrated in Fig. 5.20.
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Figure 5.20 Photoresist patterned by second photolithography in which sub-mask 2

is implemented.

The region of Ge film, which is not protected by the PR, is etched with a wet etching
process to obtain the Ge in a microwire geometry, called Ge stripe. The mixture of
solutions used for the Ge etching contains hydrogen peroxide (H,0,), phosphoric
acid (H;PO,), and deionized water (H,0) in a ratio of 4:1:1, respectively. After
removing the remaining PR with the same PR cleaning steps, Ge takes the shape of
the designed structure indicated in sub-mask 2 as illustrated in Fig. 5.21.

Figure 5.21 Illustration of the Ge microstructure.

Any misalignment of the mask layers 1 and 2 can be observed via the optical
microscopy in Fig. 5.22(a). In such a case, the resist is cleaned instead of the Ge
etching process at the end of the second lithography. The second lithography is
repeated until a successful alignment is achieved, as shown in Fig. 5.23.
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Figure 5.22 Misaligned seed windows (sub-mask 1) with Ge stripes (sub-mask 2).

(a) Optical microscope image and (b) SEM images with 20 um and 2 um (zoom-in)

scales, respectively.

(@)

| - -

Figure 5.23 Aligned seed windows (sub-mask 1) with Ge stripes (sub-mask 2). (a)

Optical microscope image and (b) SEM images of two aligned seed windows and Ge

stripes.

55



Fabrication continues by covering the sample with the silicon nitride (SiNXx) stressor
layer. It is deposited by the sputtering technique, whose parameters are determined
as 300 W RF power and 4 mTorr deposition pressure in a 1.08 x 10~° Torr base
pressure environment. Additionally, 1sccm nitrogen gas flow with 19 sccm argon
gas flow is applied to obtain 1 GPa silicon nitride film where a Si target is used in
sputtering. After the stressor layer deposition, it should be protected by a mask layer
that is resistant to the SiNx etching process (i.e., applying hot phosphoric acid at a
temperature roughly 160°C) because photoresist cannot be used due to burning
nearly at the temperature of 150°C [130], [131]. Therefore, SiO, to serve as a thin
masking layer is sputtered on top of the SiNx film with the deposition parameters of
300 W RF power and 4 mTorr deposition pressure where the base pressure is 1.3 x
107 Torr. The gas flows of oxygen and argon are 2.8 sccm and 15 sccm with the Si
target material. As a result, the thicknesses of the films grown by the sputtering
method are 340 nm for SiNx and 140 nm for SiO,. After that, the sample is subjected
to rapid thermal annealing (RTA) to crystallize the Ge microstructures via the LPE
method. Hence, Ge is heated to a temperature above its melting temperature of
937°C. The following RTA recipe is applied. After argon gas is introduced at 0°C
for the first 60 seconds, the temperature is increased from 0°C to 800°C in 30
seconds. After waiting for 60 seconds at 800°C, it reaches the desired temperature
with an increase rate of 100°C/s and remains at this temperature for 2 seconds. The
temperature is then brought to 650°C at a rate of 7°C/s. Four different temperatures,
960°C, 980°C, 1000°C and 1020°C, are investigated. When RTA results are
compared considering the optical microscope images in Fig. 5.24, the agglomeration
problem of Ge is smallest at 960°C through a faster lateral crystal growth rate than
the random nucleation. Therefore, it is decided to perform the RTA process at 960°C,
whose RTA recipe is given in Fig. 5.25. Otherwise, Ge stripe becomes disjointed

along its length due to the formation of islands, as demonstrated in Fig. 5.26.
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Figure 5.24 Optical microscope image of the Ge microstructures after RTA process
at (a) 960°C (b) 980°C (c) 1000°C (d) 1020°C.
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Figure 5.25 RTA recipe of 960°C used to crystallize the Ge by the LPE technique.
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Figure 5.26 SEM image of disjointed Ge stripe by the effect of 980°C RTA process.

The last photolithography is applied to pattern the SiO, masking layer after 960°C
RTA process in Fig. 5.27(a). As in the case of the second lithography, all the steps,
including cleaning, the PR application, baking and development processes, are the
same as the first photolithography. In this photolithography, the mask layer
numbered 5, including the design of the 4x20 um? etching holes (Fig. 5.28), is used
and aligned with the marker of the previous sub-mask numbered 2. As a result of

this, mask layer 5 is transferred to the PR.

Following the third photolithography, the sample is exposed to BOE solution till
reaching SiNx film; so that the defined SiO, region that is not protected via the PR
is etched away as shown in Fig. 5.27(b) after removing the remaining PR. To etch
unprotected SiNx region, hot phosphoric acid (H;P0O,), which continues to be
heated on the hot plate to keep the temperature of solution around 156°C - 160°C, is
exercised. The etching rate of SiNx film is observed to be about 0.94 nm/sec.
Additional information here is that dummy SiO, and SiNx films are also deposited
on top of Si substrate simultaneously with the original sample deposition; annealed
with the same RTA recipe. Before performing the etching steps of the sample, to
determine the etching duration, film dummies are etched. Then, these etching times

are considered while etching the films of the sample. Through etching the defined
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SiNx area, Ge microstructure is reached in Fig. 5.27(c). Then, the oxide layer
underneath the Ge is etched via BOE to a certain length without etching the Ge. The
final structure is shown in Fig. 5.27(d) and a side-view cross-section schematic to
better illustrate the underetching that plays a critical role in the strain transfer. When
the stand-alone portion of the nitride film releases its tensile stress, it stretches the
stripe from both ends in opposite directions (as indicated with the arrows in Fig.
5.27(d)) since the top and side surfaces of the stripe are enclosed by the underetched
nitride. This fabrication step also etches the sputtered SiO, masking layer whose
thickness was adjusted accordingly to be etched earlier than thermally growth SiO,,
layer. It is also an advantage that thermally grown SiO,, is etched more slowly than
that the sputtered one. As a result, a portion of the stripe is suspended, called

microbridge (MB) in this study, possessing uniaxial strain.
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Figure 5.27 Wet etching process flow to achieve a suspended Ge microstructure. (a)
The sample after deposition of the capping layers, SiNx and SiO,, in which mask
layer 5 is applied by the last photolithography. (b) Etching the unprotected SiO,
region till reaching SiNx film. (c) Etching the defined SiNx area by hot phosphoric
acid. (d) Etching the masking and sacrificial oxide layers via BOE, resulting in the
suspended Ge microstructure (left) and its cross-sectional illustration (right). (e)

KOH etching of Si (left) and its cross-sectional illustration (right).
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Figure 5.28 Mask layer numbered 5 designed for etching holes including the 4x20

um? rectangles.

The duration of each wet etching steps is significant in terms of acquiring desired
dimensions. If the first BOE is applied longer than it should be, the etch hole, namely
MB, gets wider, as seen in Fig. 5.29(a), ideal (left) and unintentional (right) etch
holes dimensions’ microscope images. In the case of not exposing to hot H; PO, for
a sufficient time, nitride etching is interrupted in Fig. 5.29(b), where the film residues
in the etch hole region are the sign of that. Through an additional hot H;PO,, the

residues are totally etched; clear etch holes are achieved in Fig. 5.29(c).

60



Figure 5.29 Microscope images of etch holes, namely Ge MBs. (a) Bright-field
microscope images with an ideal dimension (left) and unintentional dimension
(right) due to over BOE exposure time. (b) Darkfield microscope images before the
film residues existing and (c) after the residues are totally etched via an additional

hot H;PO, etching process.

Moreover, the last BOE etching time must also be set very carefully. If the sample
is subjected to the BOE for a short time, the Ge will not be suspended. On the other
hand, in case of prolonged exposure, the underlying SiO, will be removed entirely.
One possible reason is that the SiNx film, which acts as a masking layer in BOE

etching, is dissolved even if the etching rate is minimal. Another reason is the
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penetration of BOE also from the corners of the sample where SiNx film does not

exist, completely removing the thermally growth SiO,, layer.

SEM images taken from the germanium microbridges are given in Fig. 5.30.

@) (b)

Figure 5.30 SEM images of Ge MBs. (a) SEM image from the top view
demonstrating three Ge MBs. (b) 55° tilted and (c) 75° tilted SEM images of two
different MBs.

An additional wet etching is implemented to some samples to ensure complete
suspension of Ge microstructure by preventing the possible cases of collapse and
sticking and to extend the underetching more underneath the nitride film to increase
the amount of the induced strain in Fig. 5.27(d). Also, larger strain can be induced

into shorter suspended structures as inferred from the FEM simulation results, 2.5-
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um-long MBs are fabricated. The fabrication of these structures is enabled by using
the lithography mask with 4x20 um? etchant windows on it, and simply keeping the
first BOE etching duration shorter than the nominal one. After the subsequent nitride
and underlying oxide etching processes, the structure is exposed to KOH. Thus, the
Si surface reached at the etch hole region is slightly etched using 3.85 wt.% aqueous
potassium hydroxide (KOH) solution at 70°C in Fig. 5.27(e). SEM images of 2.5-
pm-long Ge MBs after KOH etching are given in Fig. 31(a). Duration of KOH is
varied, which results in different portions of underetched nitride film as specified in
Fig.31(b), wider for longer etching duration as expected. Also, the lengths of nitride-
encapsulated Ge stripe that occurs due to collapse some parts of the free-standing
nitride film right at both edges of the bridge get wider. The Ge MBs where the middle
region of Ge is suspended by itself, and its edges on both sides are encapsulated by

a part of nitride are shown in Fig. 5.31(b), which affects the strain level as well.
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Figure 5.31 A tilted-stage high resolution SEM images of (a) 2.5-um-long Ge MBs
after the KOH etching, and (b) zoom-in views of two MBs exposed to different KOH
etching, where the middle bright region of the stripe is suspended without any
encapsulation, and darker regions of the suspended stripe on both sides are capped
by the collapsed nitride film. The oval shown with the dashed line is used to indicate
the region in which the nitride film is free-standing. The dimension of the oval is not
scaled to the real dimension of the underetched nitride film.

5.2.2.2  Biaxially Tensile-Strained Ge Microstructures

Biaxially tensile-strained Ge microstructures are fabricated by the same processes of
the previous uniaxial case where different sub-masks are used. For this purpose, Y-
shape (4.1x4.1 pm? seed region with three 120° angled 2x50 pm? tails) is
transferred to the Ge using the sub-mask 7 in Fig. 5.32, and the eth hole via the last
photolithography for suspension of the Ge is defined by sub-mask N3 (three tails
connected to a 6 um diameter circle) in Fig. 5.33.
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Figure 5.32 Mask layer 7 designed for Y-shaped Ge microstructures, consisting of

th three 120° angled 2x50 um? tails
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SEM image of the Y-shaped Ge microstructures before the RTA and the last
photolithography steps is shown in Fig. 5.34.

10 pm

Figure 5.34 SEM image of Y-shaped Ge microstructures (top), zoom-in view
(bottom).

After the etch hole patterns are transferred to the sample, wet etching steps of BOE
and hot phosphoric acid are applied. If the wet etching is performed at an ideal
duration, the successful structure with the predefined dimension of sub-mask layers
7 and N3 is observed in Fig. 5. 35(a). Otherwise, the shape is distorted, as seen in
Fig. 5.35(b) with wider etch holes.
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20 um

Figure 5.35 Bright field microscope, dark field microscope and SEM images of Y-
shaped suspended Ge microstructures, respectively, with (a) an ideal dimension and
(b) distorted ones.
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The bending of the Y-shaped Ge microstructure in the middle region of the etch hole

indicates that the structure is suspended as desired, as shown in Fig. 5.36.

Figure 5.36 SEM image of the suspended Y-shaped Ge microstructure taken with
75° tilt angle.

However, it is realized that applied last BOE to remove oxide undesirably also etches
the whole SiNx capping layer as inferred from the SEM image in Fig. 5.37. Here, Ge
surface remained uncovered not only in the etch hole region but also in the tails of
Ge, which indicates the sputtered poor quality SiNx. It is probably an oxidized SiNx
(silicon oxynitride) due to higher base pressure of the sputtering system that could
not be reduced somehow compared to the deposition condition of the one deposited

SiNx layer on top of the uniaxial microstructures.
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Figure 5.37 SEM image of Y-shaped Ge microstructure remained unintentionally

uncoated after etching.

The sputtering environment should be away from factors that cause oxidation. As
well as affecting the capping layer, oxide also has an influence on Ge quality. As
shown in Fig. 5.38, Ge is observed in a perforated form (in another set of fabrication),

unlike the Ge given in Fig. 5.37.

20 um

Figure 5.38 SEM image of perforated Y-shaped Ge microstructure with an inset of

its zoom-in view.
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The disrupted Ge layer can be due to the probability of Ge oxidation during the
sputtering of Ge caused by potential impurities inside the chamber or the oxidized
capping layer. Oxide, as an impurity inside the Ge layer, has a solubility of
1.3x10° pm~3 at 1210.15 K [30]. It is claimed that volatile GeOx can be composed
involuntarily if the masking layer on top of Ge includes oxygen, which results in
partial loss of the Ge layer due to Ge islands formed via nucleation [38]. Another
reason for the holey structure is that oxidized Ge is water soluble [33]. Some
oxidized parts of the germanium layer are also unintentionally etched while stopping

the wet etching processes with DI water.

Moreover, delamination of the capping layer can also be observed owning to the
high-pressure environment in the sputtering chamber, as seen in Fig. 5.39. The film
can peel off at the edges of the samples in Fig. 5.39(a) or from the whole surface in
Fig. 5.39(b).

(@)

(b)

Figure 5.39 Peeling off behavior (a) at the edges of the samples, or (b) from the

whole surface (right) and its optical microscope image (left).
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This peeling-off behavior can also be stemmed from the adhesion problem in
between two films. Adhesion energy decreases with increasing the released energy
while atoms join together in the interface region [104]. Higher lattice mismatch
results in a higher residual strain, boosting energy release. Therefore, the film peels
off from its substrate after the reduction of adhesion energy. Accumulation of
opening stress and shear stress can also reason for spalling the film surface [100].
These results show that the quality of the germanium and the cap layer exceedingly
depends on the sputtering environment, which has an incredible effect of reversing

the whole trend.
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CHAPTER 6

CHARACTERIZATION OF GE MICROSTRUCTURES

The crystal orientation of Ge is analyzed by electron backscatter diffraction (EBSD)
measurements. Strain-dependent emission properties of the Ge microstructures are
characterized by micro photoluminescence (u-PL) measurements, and micro-Raman
spectroscopy measurements verify the amounts of the induced strain levels into the
structures. PL setup and the results of three characterization tools are reported in this

chapter.

6.1 Photoluminescence Measurements

The Micro-PL system is constructed as illustrated in Fig. 6.1. For that purpose, a 980
nm wavelength laser operated at the pulsed mode is used to excite the sample. The
spot size of the laser incident on the sample is varied with the laser power. The laser
is directed by two mirrors angled 45° (M1 and M2) and passed through a pinhole
(P1) to filter unwanted components (noise) of the laser beam. After that, a beam
splitter (B1) is mounted to the propagation path of the laser because here, a light
source also merges into the system. Therefore, utilization of both sources
simultaneously is made possible by including this beam splitter. Then, laser/light is
passed through P2 and B2 followed by P3. The aim of using B2 is to direct laser/light
(reflection) to the region where the sample is located and then direct the collected
signals (transmission) towards a collimating lens (L1). A 52X reflecting objective
(O1) is used to prevent chromatic aberrations and focus the laser to a single point. In
other words, both the sample is excited, and radiation from the sample is collected
through the reflective objective. A removable motorized camera is placed just in
front of the filter (F1). Hence, the laser-excited sample surface is imaged

simultaneously while both laser and light sources are on. Thus, the laser is easily
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focused on the desired area. After the camera is removed, emitted PL signals are
passed through the filter (F1) placed in front of the monochromator. F1 is used to
avoid the second and higher harmonics of the 980-nm laser in the measured
spectrum. The filter is a long-pass filter that allows passing just the wavelengths
above 1400 nm. Then, passed signals are directed into a computer-controlled
monochromator and detected in a range of 1400 nm to 2400 nm, where an Indium
gallium arsenide (InGaAs) detector with a 2.4 um cutoff is used. PL measurements
are performed with a power-controlled laser operating at 980-nm and modulated at
a frequency of 30 Hz. Since the laser is used in pulsed mode, a lock-in amplifier is
included to detect of the emitted light where the time constant is arranged as 30
seconds, sensitivity is 1 mV/nA, and high reserve is used. The power of the laser is
kept as small as possible to avoid laser-induced heating effect and adjusted to fit with
the dimensions of the etched central region of the Ge microstructures considering the
laser spot size that changes with the laser power. Measurements are conducted at
room temperature. The measured PL spectra are corrected with respect to the
responsivity of the detector and spectral response of the grating, fitting by Gaussian

function.

As aforementioned in section 3.2.1, TM mode is the parallel polarized light;
therefore, it cannot be detected by this PL system where only the vertically emitted
photons are collected [98], [118]. In other words, the peaks in the PL spectrum are
due to Gamma - first valence band (I'-VB1) and Gamma - second valence band (I"-
VB2) transitions of TE mode.
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Figure 6.1 A schematic of the constructed micro-photoluminescence measurement
system (a) with a light source on for imagining the sample, or (b) with laser on for
collecting PL signals.

6.2 EBSD and Raman Measurements

EBSD and Raman measurements are conducted in METU Central Laboratory.
Raman spectra are obtained with Renishaw inVia Raman microscope where the etch
hole is excited by a 532 nm laser-focused through 100X objective. The spot size is

roughly 1.1 um. Therefore, the strain introduced into the middle of the suspended
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bridges can be extracted via these measurements. The system is calibrated using a
reference Si wafer at 520 cm™?1. Laser power is kept as small as possible (i.e., 50
HW) to avoid laser-induced heating effects, which can cause a shift in the emission
wavelength and may be misinterpreted between the strain induction and the shift due

to heating.

6.3 Measurement Results and Discussion

6.3.1 Uniaxially Tensile-Strained Ge Microstructures

First of all, EBSD measurements are performed to verify the formation of the single
crystalline Ge stripes. For that purpose, the capping layers, SiO, and SiNx, are
completely etched by wet etching processes of BOE and H;PO, at 160 °C,
respectively. Thus, the sample is prepared to be suitable for EBSD measurement.
Figure 6.3 shows the EBSD analysis of 250-um-long Ge stripe, which demonstrates
the crystallization of the whole Ge stripe in the (100) direction imitating the crystal
orientation of the underlying Si substrate as desired.

A

¥ -

Figure 6.2 EBSD analysis of the Ge stripe microstripe shown together with the SEM

image of the same region, indicating crystallized 250-um-long Ge stripe in the (100)

direction via the red color of the orientation color code triangle.

After ensuring the crystallization of the stripes in the (100) direction, the samples are
capped with nitride and oxide layers. The last photolithography step is performed
on the masking oxide layer to define 4x20 pm? etch holes. After etching processes
as described in detail in chapter 5, a portion of the stripe is suspended, and Ge
microbridge structure is obtained. Dimension of etch hole can be varied by adjusting
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the first BOE etching duration. The length of the microbridge is made wider when
90-seconds-long BOE etching is applied instead of the etching duration of 30-
seconds (for nominal dimensions). This situation results in 20-um-long and 4-pum-
long single-crystalline Ge MBs, respectively; after that, the subsequent hot
phosphoric acid and last BOE etching processes are applied for the tensile strain

induction into the MBs.

The strain-dependent emission properties of these two MBs are characterized with a
power-adjustable PL spectroscopy measurements, and the amounts of the induced
strain levels into the MBs are verified by the Raman spectroscopy measurements,
shown in Fig. 6.3. PL spectra of the MBs are shown in Fig. 6.3(a) and Fig. 6.3(b)
with dark-field microscope images in the insets. The laser's spot size is arranged to
be roughly 20 um where the average power of the laser incident on the sample is
adjusted to 2 mW, which means that the full length of 20-um-long Ge MB is pumped
while for 4-um-long Ge MB, the bridge together with the portion of the microstripe
capped by the underetched stressor film is pumped. PL spectra of MBs are fitted by
Gaussian peaks where 20-um-long MB is fitted with a single Gaussian peak in Fig.
6.3(a), and 4-um-long MB is fitted by three Gaussian peaks (plotted with the dotted
lines) in Fig. 6.3(b). To estimate the amount of the tensile strain inducted into MBs,
the peak wavelengths of the Gaussian fits are fitted onto the strain-dependent
bandgap energy curves calculated by Nam et al. [117] using the deformation
potential theory for the Ge uniaxially strained in (100) direction. The corresponding
strain levels to the peak energies of red, grey and blue fitting curves are acquired as
1.4% (blue symbol), 0.5% (grey symbol) and 1.9% (red symbols), as demonstrated
in Fig. 6.3(c). While the peak position of the PL spectrum measured from 20-pum-
long Ge MB corresponds to a strain level of 1.4%, the emission for 4-um-long Ge
MB is not only collected from a 1.9%-strained region but also detected from a region
with a strain level of 0.5%. The short-wavelength-emission peak resulting in 0.5%
strain is predicted to originate from the part of the Ge MB encapsulated by the nitride
film, whereas the amount of strain location in the suspended and uncapped region of
the Ge MB is 1.9%. This longer wavelength emission peak is due to the transitions
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between the Gamma - first valence band (I'-VB1) and Gamma - second valence band
(T" -VB2) of TE mode. The transition with light holes (I'-VB1) is stronger than the
transition with heavy holes (I"-VB2), and in fact, the longer wavelength emission is
dominated by the transitions between the electrons of the I" valley of the conduction
band and the light holes of TM mode, not TE mode. However, the transitions
between the electrons of the I'-VB2 appear stronger than the I'-VB1, as shown in
Fig. 6.3(b), because the TM mode is undetectable with our setup. Therefore, the
emission corresponding to the shorter wavelength, which is mostly due to the
transitions between the electrons of the I" valley of the conduction band and the heavy
holes, appears to be stronger than the other peak. The mostly TM-polarized G-VB1
emission peak could not be resolved in the emission spectrum of the 1.4%-strained
bridge because the detectable TE component emission arising from such transitions
becomes more favorable with increasing strain, as observed in earlier work, as well
[98]. On the other hand, the strain-induced PL enhancement [117] could not be
observed because of the difference between the lengths of the strained regions of the
stripes; it is 20 um for the 1.4% strained structure, which is the same as the spot size
of the pump, and only 4 um for the 1.9% strained structure. It would be possible to
observe the strain-induced PL enhancement by reducing the spot size of the pump
down to 4 um. However, the only way to reduce the spot size of the pump laser down
to 4 um was to reduce its average power at the same time, which resulted in the pump

power to be insufficient for yielding detectable PL.

After the PL measurements, the micro-Raman spectroscopy measurements are
performed on these two MBs, which are also in very good agreement with the results
obtained from the PL analysis. The measured Raman shifts are compared with the
one obtained from the Raman shift of bulk Ge at 301.3 cm™?, and the uniaxial strain
values are calculated as 1.5% and 1.9% for the 20-pm-long and 4pum-long MBs using
the relationship given in Ref. [132] where the Raman shifts are 299.0 cm™?! and

298.35 cm™1, respectively as shown in Fig. 6.3(d).
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These PL and Raman spectroscopy results are also consistent with the results
obtained from the FEM simulations constructed by the exact dimensions with MBs
as shown in Fig. 6.4, where the volume-averaged strain on Ge MBs is visualized
with the strain color legend. The unknown parameter of Lypngeretcing (in Fig. 4.1) is
predicted by FEM simulations. 1.95% and 1.4% strain values are obtained when the
underetching lengths are arranged as 44 pum and 108 pum for 4-pum-long and 20-pum-
long MBs, respectively. Here, the resulting portion of underetched nitride film is
larger for longer MB, which fits with experiments. For the same duration of the last
BOE etching, larger Lyngeretcing 1S Observable because the solvent attacks the
underlying oxide passing through a wider opening. Besides, The insets showing the
strain values along 20-pum-long lines passing through the middle of the
corresponding stripes validate the observation of the strain nonuniformity in the PL
spectrum of the 4-um-long bridge as compared to 20-um-long bridge, when PL is

measured with a pump spot size of 20 pm.
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Figure 6.4 Finite element method (FEM) simulation results of (a) 4-um-long and (b)
20-pm-long Ge MBs with 44-um-long and 108-pum-long underetched nitride films
(Lunderetcing) resulting in 1.95% and 1.4% volume-averaged strain on Ge MBs,
respectively. The corresponding 20-pum-long line strain graphs along the stripe axis

of MBs are given in the insets of strain profiles visualized with a color legend.
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The 2.5-um-long Ge MBs exposed KOH etching are also characterized. Strain
enhancement is observed with both PL and Raman spectroscopy measurements in
Fig. 6.5. Three different KOH exposure durations that are 30-, 60- and 90-seconds
are investigated. PL spectra of these MBs are given in Fig. 6.5(a) with multiple
Gaussian peak fits (shown with dotted lines), where the average laser power incident
on the structure is increased up to 5 mW to provide sufficient pump power to these
shorter bridges which brings about the enlargement of the pump spot size to 30 pm.
The peak wavelengths of the Gaussian fits are fitted onto the strain-dependent
bandgap energy curves using the same colors as the corresponding fitting curves to
acquire uniaxial strain levels, as seen in Fig. 6.5(b). The grey fitting curves resolve
the emission due to the nitride-encapsulated region of the Ge stripe; the colored
peaks correspond to the strain localized region(2.5-pm-long suspended region of the
microstripe), where no encapsulation is present. A red shift in wavelengths of both
I'-VB1 and I'-VB2 transitions are obtained, as shown in Fig. 6.5(a), which is the sign
of strain enhancement. The strain level increases from 2.3% to 3.4% with increasing
the KOH duration by 60 seconds. The reason is that a much larger portion of nitride
film around the bridge collapses, as shown in Fig. 6.6(a) and its underetch length
increases, which in turn enables the larger strain transmission from the stressor to the
middle region of the MB (i.e., strain localization). Strain uniformity arisen from
collapse regions causes broadening in the PL spectra. Raman spectroscopy
measurement results obtained from these MBs in Fig. 6.5(c) are also in very good
agreement with the PL measurement results. The slight difference between strain
levels obtained from PL and Raman measurements is originated from the shorter-
wavelength laser used in the Raman measurements. That causes the detection of the
strain close to the top surface of the bridge, which reaches the maximum strain value
as observed in the simulations, as well. Same colors as the corresponding PL spectra
are used in Raman graphs, where 2.3%, 3% and 3.5% strain levels are obtained from
the Raman shifts of 297.71cm™1, 296.67cm™! and 295.89cm™1, respectively using
the relationship given in Ref. [132].
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Figure 6.5 Strain analysis of 2.5-um-long Ge MBs exposed KOH etching process.

(a) PL spectra of three 2.5-um-long MBs differing with KOH exposure time, 30-,

60- and 90-seconds, fitted Gaussian peaks (i.e., the dotted lines colored blue, green,

red and common grey). (c) The peak wavelengths of the Gaussian fits are fitted onto

the strain-dependent bandgap energy curves [117], the corresponding maximum

strain levels are obtained as 2.3% (blue symbol), 2.8% (green symbols), and 3.4%

(red symbols) for 30-, 60- and 90-seconds KOH exposure time, respectively. (c)

Raman spectra colored with the same corresponding colors demonstrate 2.3% (solid

blue line), 3% (solid green line) and 3.5% (solid red line) strain levels in comparison

with the Raman spectrum of the bulk Ge (solid black line).
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PL and Raman measurement results are supported by FEM simulations, as illustrated
in Fig. 6.6(b). The simulated structures are constructed using the dimensions of the
bridges shown in the SEM images in Fig. 6.6(a). The only unknown dimension,
which is the amount of the underetched portion of the nitride film (Lyngeretcing) iS
predicted as 69-um-long and 90-um-long; so that the resulting strain in the middle
region of the MB is calculated as 3% and 3.5% (as already determined by PL and
Raman measurements) for the structure etched with KOH for 60- and 90-seconds,
respectively, as demonstrated in Fig. 6.6(b). Additionally, the strain profiles along
30-um-long lines (i.e., the spot size of pump laser) passing through the middle of the
stripes along their axes (x-axes) are given in the insets in Fig. 6.6(b). These line
profiles verify the nonuniformity in strain distribution, reaching maximum at the
center of the bridge and gradually decreasing and becoming even compressive in the
part of the stripe capped by the stressor. Therefore, the PL spectra measured from
samples exposed to KOH for 60- and 90-seconds are fitted with broader Gaussian
peaks. The grey colored fitting curves in the PL spectrum resulting in 3.4% strain in
Fig. 6.5(a) are predicted to originate mainly from the regions indicated as 1 and 2 in
the corresponding SEM image in Fig. 6.6(a) based on the calculated strain profile
shown in the inset in Fig. 6.6(b). As expected, the area closer to the middle region of
MB has a larger strain than the far regions due to strain localization in the middle.
Therefore, region 2 has a large strain gradient potentially averaging to 2% giving rise
to the peak numbered as 2 in Fig. 6.5(a), while strain in region 1 has a much smaller
gradient with an average strain of around 0% resulting in the emission peak
numbered as 1. It is important to note that such strain nonuniformities existing in the
fabricated microstructures were observed in the measured PL spectra due to the large
spot size of the pumping laser, since the spot size of the pump couldn’t be reduced
down to few microns without sacrificing the pump power. Nevertheless, well-
resolved emission peaks are demonstrated from 2.5-um-long Ge MBs that apparently
red-shifts and getting enhanced with increasing KOH exposure time of the structures,

providing clear evidence of increasing strain.
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Figure 6.6 (a) SEM images of 60- and 90-seconds KOH applied Ge MBs, where the
nitride film around the bridge is collapsed, and using the extracted dimensions from
the SEM images (b) the corresponding FEM simulations are constructed, resulting
in 3% and 3.5% with 69-um-long and 90-pum-long underetched nitride films

(Lunderetcing) for 60- and 90-seconds exposure time, respectively. The

corresponding 30-um-long line strain graphs along the stripe axes of MBs are given

in the insets of strain profiles visualized with a color legend.

6.3.2 Biaxially Tensile-Strained Ge Microstructures

EBSD analysis is performed to examine the crystal orientation of biaxially tensile-
strained Ge microstructures whose capping layers are completely removed by wet
etching processes to be suitable for EBSD measurement conditions. Crystallization
of the Y-shaped Ge microstructure is obtained as poly-crystalline in Fig. 6.7. One of
the reasons is that although seed-stripe are aligned on top of each other, the oxide in
the seed region may not be completely etched, and the residues of the oxide here may
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prevent the single crystal formation. Another reason is the low quality of the capping
layer that is oxidized SiNx (silicon oxynitride). Therefore, during the RTA process,
liquid Ge could not be held effectively into the defined shape, disrupting the
formation of a single crystal.

As aresult, it is impossible to extract its strain level where Raman spectroscopy and
PL measurements depend on the crystal orientation of the structure that should be
single-crystalline. Therefore, PL and Raman measurements could not be performed

for this structure.

Figure 6.7 EBSD analysis of Y-shaped Ge microstructure (right) given with SEM
image of the corresponding area (left), indicating poly-crystallized Y-shaped Ge

microstructure.
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CHAPTER 7

CONCLUSIONS AND OUTLOOK

In this thesis, both uniaxially and biaxially tensile-strained Ge microstructures are
investigated. The expected fabrication steps could not be achieved for the biaxially
strained Ge microstructures. Therefore, the proposed strain levels could not be
obtained. For the uniaxial case, tensilely-strained, single-crystalline germanium
microbridges are fabricated with very practical, cost-effective and easy-to-apply
CMOS-compatible fabrication processes. The fabricated microstructures
demonstrate room-temperature light emission, paving the way for the potential
demonstration of monolithically integrated infrared Ge laser. Deposition of the film
layers -other than a thin layer of thermally grown oxide- is performed by sputtering,
which is a straightforward, low-cost and environmentally friendly physical vapor
deposition method operating at room temperature. It is demonstrated a single rapid
thermal annealing process utilized in the LPE technique converts the sputtered
amorphous Ge into the single crystalline form in the (100) direction while at the same
time transforming the capping layer (i.e., silicon nitride film) into a stressor material,
where the fabrication is based on the photolithography and wet etching processes.
EBSD measurement verifies the (100) crystal orientation of the whole Ge stripe.
Following that, the photolithography and wet etching processes form several Ge
MBs as well as the induction of uniaxial tensile strain into the single-crystalline Ge
microstripes. The amount of strain is controlled and tuned by simply changing the
wet etching process's type and duration. Raman spectroscopy and
Photoluminescence measurements are performed at room temperature to
characterize the amount of the induced strain levels and strain-dependent emission
properties of MBs, respectively. Two different MB structures are formed with and
without the KOH exposure conditions where the first BOE etching duration is varied

as well, which is diversified by the underetched portion of the stressor layer and
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studied within themselves. Unexposed 20-um-long and 4-um-long single-crystalline
Ge MBs result in about 1.4% and 1.9% strain; the KOH exposed 2.5-um-long Ge
MBs exhibit the strain levels of approximately 2.3%, 2.8% and 3.4% according to
the exposure time of 30-, 60- and 90-seconds, respectively. Room-temperature PL
spectra measured from the MBs that are common in length but differ in terms of the
underetched portion of the stressor layer demonstrate red-shift and enhancement
with increasing strain. These observations are verified via Raman spectroscopy

measurements, as well as the FEM simulations.

It is important to note that the fabrication method introduced in this work is
compatible with the development of uniaxially strained, doped Ge microstructures,
as well. More specifically, an ion implantation process added to our fabrication flow
would result in the development of moderately doped Ge microstructures that can be
strained up to 3.5%, forming a material platform providing gain. Therefore, the
methods introduced in this work can be employed to demonstrate an on-chip infrared
Ge laser, where cost-inefficient GOl wafers are not required since a single RTA
process both crystallizes Ge and enables tensile strain induction in Ge that is realized
via a room-temperature-operated deposition technique as opposed to the more
complicated chemical vapor deposition methods.

As future work, the fabrication steps of the Y-shaped Ge microstructures will be
repeated with a high-quality capping layer after ensuring that the oxide is completely
removed from the seed region. Thus, Ge will be stay covered by silicon nitride
stressor layer on top and sides even after the wet etching processes like in the case
of uniaxially strained Ge MBs, which will result in a high level of the biaxial strain.
This assumption can be inferred from the FEM simulations that verify PL and Raman
measurements as observed in the uniaxial case. Furthermore, different stressor
layers, namely silicon dioxide (SiO>), titanium dioxide (TiO2) and zinc oxide (ZnO)
will be examined for the quantity of the transferring strain to Ge microstructures

larger than the strain levels transferred by the nitride layer.
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