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Chapter 1 Introduction

1.1 Background

1.1.1 Development of Advanced Information Society

In recent years, due to the expansion of internet spread of personal
information technology (IT) devices such as compgjtesmartphones and
tablet-type portable terminals, the amount of infation distribution is now
significantly increasing. It has been predicted tha internet traffic throughout
the world reaches 121000 Gbps (=121 Thps) by 28R&h is about 190 times
larger than that in 2005 (Fig. 1-1(a)) [1]. Withethapid growth of information
society, the power consumption of IT devices isstberably increasing. As
shown in Fig. 1-1(b), the IT power consumption apdn increased year by year
and it reaches 2500 billion kWh at 2025, [1] whish20% of the domestic
electric generation amount in Japan. Under suchkdsaand, sustainable
development and multi-functionality is required 1dr device to deal with the
advanced information society.

1.1.2 Improvement of Semiconductor Device Perfornmece
1.1.2.1 Scaling Limit of Silicon (Si)-based Integited Circuit

Up to this day, the growing of advanced informasociety is accomplished
by the development of Silicon (Si)-based large-esaategrated circuit (LSI). LSI
is an electronic circuit formed on semiconductocnmchip that is composed of

X250 T T T T 3000 —
< L (@) ] § (b)
2 4000 121000 Gbps | g = 2500 e
2 — ~
B 150 5 < 2000f ,
Ty X e c 6 //’_
I x190,.~ 2 F 1500} XS'%«’
= s ’ o = 4
g £ x100 4 E c P
55 2 < 1000} T
= 50 (@] g ,/',
5 X . o c 500f <
= r 637 Gbps g ﬂ
3 - - g 0
= 2005 2010 2015 2020 2025 2030 2006 2010 2015 2020 2025
Years Years

Fig. 1-1 (a) Amount of information distribution on worldwide internet as function of
years. (b) Transition of power consumption of IT devices in Japan. [1]
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transistors. The metal-oxide-semiconductor fielgetftransistor (MOSFET) is a
popular type of transistor and a key component&if hich is now most widely
used. [2]

The basic characteristics of MOSFET is switchingl amplifying the
electrical signals. The MOSFET is fabricated on mgls-crystalline
semiconductor substrate and consisted of gateretkst gate insulator and
source/drain (S/D) region with four electrical témals as shown in Fig. 1-2. The
S/D region is heavily-doped and has opposite cammlutype to substrate (when
substrate is p-type, S/D region should betype). The gate stack has a
metal-oxide-semiconductor (MOS) structure, whichaa capacitor. Since the
electrical charges under the gate stack can beatleck by applying the gate
voltage, the current flowing from source to dra@gion can be controlled and
electrically switches on- and off-states of the idev The equation of drive
current of MOSFET is also shown in Fig. 1-2. Thvelicurrent depends on the
gate voltage, and it is proportional to gate wid¥), carrier mobility (le#) and
capacitance of gate oxide 4§; while inverse proportional to gate length (L).
Here, the carrier mobility is the average driftoaaly of hole and electron which
is specific to semiconductor material (in the ca$esi, mobility of hole and
electrons are 1600 and 430 #%ws, respectively). Therefore, scaling of the
dimension of device size (gate length) is effectivéncrease the drive current of
MOSFET and improve the performance of LSI. In thastpfew decades,
SI-MOSFET has been aggressively scaled down anaifisently increased
number of transistor on a microchip. This scalih/®@SFET has been achieved
with the rule generally known as Dennard scaling If3 the Dennard scaling, in
order to keep the electric field in transistor dang the dimension of device size

Gate length L
—>

Drive current of MOSFET

ly = %ﬂeﬁ Cox(vg _Vth)2

He: Carrier mobility
C,x Capacitance of gate oxide
~ Drain V,: Gate voltage V,,: Threshold voltage

Gate electrode - Gate width W

Gate oxide -

—
Current
p-Si substrate

Source

Fig. 1-2 Schematic illustration of structure and equation of drive current of MOSFET.
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Device parameters Scaling factor

Dennard scaling

Gate length 1/k
L Gate width 1/k
dl v 1/kL Gate oxide thickness 1/k
D — = -
Delay time 1/k
? ? 1k d 1/k Vp y

fi; ~~~~~ A1/ Power consumption 1/k2
X
e KN4 ! Electric field 1

Fig. 1-3 Dennard scaling of MOSFET.

and other parameter such as a gate oxide thickedased by 1/k, which leads to
decrease in delay time and power consumption of FEXSby 1/k and 14
respectively (Fig. 1-3). This is an attractive aygmh to improve the performance
of LSI. As shown in Fig. 1-4, the minimum featuieesof transistor is about
10000 nm (= 1Qum) at 1970, the size scaled down exponentially pgarear.
However, when the minimum feature size reached rifd0or less around
2010, it have become difficult to improve the tiatee performance with
conventional scaling due to the physical limitaicuch as gate leakage current
and the short channel effects [4]. The represesmtaghort channel effects are
limitation imposed on carrier drift characteristexsd the threshold voltage shift
in the aggressively scaled channel. In order td deth these problems and
keeping up the performance improvement, severalroagpes have been
explored and introduced into the scaled MOSFET,ctwhs generally called
“technology boosters”. For example, high-permityivihighk) gate insulator

5
10 E ' ' ' ) ' ) ' ' "1 High-k/Metal gate !

Technology boosters

: High- k/
SIS S0 Metal gate

\ / Tri-gate © ©2007 IEEE

architecture
4 Tri-gate transistor [l

af

10°k

10’}

10 | Scaling = ]
T . ey E
P = Physical limit ]

1 0 " 1 " 1 " 1 " 1 " 1

9970 1980 1990 2000 2010 2020

Years

Minimum feature size (nm)

Fig. 1-4 Scaling of Si-MOSFET (minimum feature size as function of years).
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was adopted instead of silicon dioxide (8iQvhich can reduce the equivalent
oxide thickness (EOT) and suppress the gate leakagent [5]. Also, the
architecture of transistor have been also changed the conventional planar
transistor to non-planar tri-gate transistor tovpde a better drivability and
electrostatic control to the channel [6]. By conibgn above innovative
technology, the performance of sub-90-nm node istorshave been enhanced
until now. However, although the great effort haei paid to keeping up the
scaling of MOSFET, the minimum feature size is meaching sub-10 nm and it
has become difficult to improve the performanc&nvbased MOSFET.

Furthermore, in addition to the scaling limit of -l BOSFET, the
interconnect delay becomes severe performancergriiactor of the LSI. In the
current LSI, a copper wire has been used to traredéxtrical signals which
connects device to device (Fig. 1-5) [7]. In gehdfee processing speed of LSI
is determined by transistor gate delay (switchinge} and interconnect delay.
With the dimension of transistor decreased and nbenber of transistor
integrated on a chip increased, the resistancecitapae (RC) delay of the
copper interconnections has become a severe batidor data processing. As
shown in Fig. 1-6, while the gate delay decreasild decreasing the line width
(gate length), the interconnect delay increaset datcreasing the line width and
crossover happened at a line width of aroundu2and it shows rapid increase
[8]. This results in degradation of processing dspe&d increase in power
consumption.

Passivation

40 -

/| —Dielectric

g:ch Interconnect

op

Linyer 20 delay

Dielectric

Capping
Layer

Global L Gate

(=IMx1.§~

—»1  I<—Metal 1 Pitch
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Conductor
with
Barrier /
Nucleation
Layer

Tungsten
Contact
Plug

Pre-Metal
Dielectric
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connect

<—Transistor

)
© 2014 Semiconductor Industry Association

Fig. 1-5 Cross-section illustration of LSI
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Fig. 1-6 Trends in gate delay and
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Therefore, in order to continue the developmenadfanced information
society, alternative technological solutions thateadlk the limitation of
conventional Si-LSI are now strongly required.

1.1.2.2 High-Mobility Channel

As mentioned in the above session, the conventiSirdbased LSI is now
facing with the physical limitation in performanceprovement for both device
and interconnection side, and the technologicakileough is strongly desired.

One of the promising approach is the introductidhigh-mobility channel
material instead of Si. As shown in Fig. 1-2, thevel current of MOSFET is
proportional to carrier mobility. Thus, it has bew® possible to improve the
device performance which does not rely only on 8ualing. Table 1-1
summarizes carrier mobility for typical group-IV danll-V semiconductor
materials. In order to construct a digital logiccait, both p- and n-channel
MOSFET (i.e. complementary MOSFET, CMOS) is reqiiirso that the
semiconductor material which has high hole andtedaanobility is desired. The
-V semiconductors such as Indium-gallium-arsenid(InGaAs) and
Indium-arsenide (InAs) show a very high electronbitity. On the other hand,
there is no advantage in hole mobility compare8itdlso, in order to introduce
a high-mobility channel material into advanced dogiircuit seamlessly,
compatibility to a mature Si-CMOS technology is uggd. However, IlI-V
elements behave as impurity for group-1V semicot@ufp- or n-type dopants),
which is a severe obstacle to implement IlI-V chelnmsing conventional Si
technology.

Germanium (Ge) is a group-IV semiconductor as endaise of Si, thus it has
an advantage in process integrity with Si-CMOS mebbgy and there are no

Table 1-1 Carrier mobility for typical group-IV and III-V semiconductors.

semiconductor | Group | SEENER, | o ol
Silicon (Si) \Y 3.4 11 1600 430
Germanium (Ge) v 0.80 0.66 3900 1900
Gallium arsenide (GaAs) -V 14 1.7 9200 400
Indium arsenide (InAs) -V 0.36 1.1 40000 500




concern about cross contamination. Although theteda mobility is lower than
that of typical 1lI-V semiconductors, Ge has boihhelectron and hole mobility
compared to Si, which makes it attractive matdéaapost-Si channel material.

1.1.2.3 Si Photonics

Another approach to improve the performance of isSn electronic and
photonic integration on a microchip based on griigemiconductors, which is
generally called Si photonics. In this sessionyenir status and technological
outlook of Si photonics were described.

As mentioned in session 1.1.2.1, with the sizeramndistor decreased and
number of transistor per chip increased, the iotmect delay becomes
bottleneck for data transfer in the LSI due toR delay of copper interconnect.
Thus, alternative technological solution for thessige data transfer is strongly
desired in the post-scaling era. One of the masidcive approach to overcome
this issue is the implementation of optical intencect instead of conventional
electrical interconnect, in which the high-densignd high-speed data
transmission is possible. In the long distance dedasmission, the optical
interconnect have been already introduced and wigtsd until now. Figure 1-7
shows the trend in the information-carrying capaoita single line (metal wire
or optical fiber) as a function of year [8]. Thesplacement of electric
interconnection to optical fiber was carried owward 1990, and the information
capacity was significantly increased more than ehader of magnitude

10%

T

1012
Optical fibre

1010 systems

T 1T T 1

Single channel

108 - (ETDM)

Communication

[ satellites
L Early coaxial v

cable links

108

Advanced
coaxial and
microwave systems

10

[~ Telephone lines
10% - first constructed

ol %

102 ! .
1880 1900 1920 1940 1960 1980 2000 2020 2040

Year © 2007 Springer Nature

)

Relative information capacity (bit s™')

Carrier telephony

+— firstused 12
voice channels on

lone wire palir

Fig. 1-7 Trend in the information-carrying capacity of a single line (metal wire or
optical fiber) as function of year and technology [8].
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compared to conventional metal wire, which cleanigicates the advantage of
optical data transmission. Therefore, realizatibomiical interconnection at the
level of electronic microchip would be an ideal aggzh to break the physical
limitation of processing bandwidth in the currei@IL

So far, photonic devices such as light emittingddi¢LED) or photodetector
have been developed based on IlI-V semiconductans as InP or GaAs, which
have a direct bandgap structure and offer higHigieht light emission/detection
(Fig. 1-8). Since Si has an indirect bandgap, phoassistance is required for
carrier recombination and thus luminescence effyds fundamentally poor. In
order to enable the optical interconnect on anteei microchip, an integration
of photonic devices on a Si-platform is requiredthéugh heterogeneous
integration of IllI-V-based photonic devices on @bstrate using a wafer bonding
or epitaxy would be one of solutions [9], there sexeral disadvantages in the
cost, large-volume manufacturing and process iiitegto conventional
Si-CMOS technology. Thus, integration of group-lasked optical devices on
Si-platform would be an ideal approach to enabdedjtical interconnect.

Among the group-IV material, Ge has an indirectdgap structure, but the
energy difference betwednand L valleys in conduction band is only 0.14 eV
(Eg pirect 0.80 eV, B indirect 0.66 €V), which is much smaller than the energy
difference of Si (2.3 eV). Since the wavelengthresponding to the direct
bandgap of Ge (E = 0.80 e¥X = 1550 nm) is within the telecom optical
wavelength range currently used, it has been regass$ promising group-1V

material to enable optical interconnection on thpl&form. In order to improve

Group-IV (Si) [11-V compound (InAs)
AE AE
-DOoi Ph -
I-point <§§sf)igfe_nq___ Mt
. L-point I-point )
1~ Lz hy P P Ay hy
/ \: ‘ / \: ‘
heavy hole heavy hole
Light hole (HH) Light hole (HH)

(LH)

(LH)

Fig. 1-8 Band structure of group-IV (Si) and III-V semiconductors (InAs).



the light emission/detection efficiency of Ge tongmete with the IlI-V
semiconductors, several approaches have been eapiormodulate the band
structure, such as inducing tensile strain or retgoping [10,11]. From the
theoretical calculation, by applying the tensilmist to Ge, the direct bandgap
decreased faster with respect to indirect banddgiperefore, the energy
difference betweenl- and L-valley reduced and thus enhancing light
emission/detection efficiency (Fig. 1-9(b)). It psedicted that Ge exhibits the
indirect-to-direct bandgap transition by applyingxal tensile strain for about
1.5% [10]. Also, the increase in electron populaid L-valley by n-type doping
promotes the electron injection intb-valley and also improves the light
emission efficiency of Ge (Fig. 1-9(c)).

@ Ge (b) Ge (c) Ge
(Unstrained) (Tensile-strained) (n-type doped)
AE AE
Electron
L-point A /\/
0.80 eV L-point 7
/ LH HH LH HH / \ LH HH

Fig. 1-9 Band structure of (a) unstrained Ge, (b) tensile-strained Ge, and (c) n-type
doped Ge.

As described in this session, Ge is a promisingigHly material in the post
scaling era for its high carrier mobility and urmggband structure, and the
Ge-based technology is expected to break the pdiyisidtation of Si-based LSI.

1.2 Germanium-Tin (GeSn) Alloy

As mentioned in the previous session, introductibhigh-mobility channel
material and implementation of Si photonics areraative post-scaling
technology, and Ge is regarded as a most prommstgSi material. So far, great
efforts have been paid to modulate band structiféeoand to exhibit enhanced
electronic and photonic properties by strain engyiimg. However, it is quite
difficult to form direct bandgap Ge since biaxiahsile strain as high as 1.5% is

12



required for indirect-to-direct transition [10].

Recently, group-1V mixed crystal, germanium-tin @& alloy, has gained a
significant interest due to its improved electroammd photonic properties with
respect to Ge thanks to its tunable band structurehis session, the band
structure, optoelectronic properties and applicafields of GeSn alloy were
described in detail.

1.2.1 Band Structure

Recently, GeSn alloy has attracted a significatarest for both electronic
and photonic applications due to its tunable bandctire. Sn is a group-IV
semi-metal element, which has a nearly zero banfif&p An incorporation of
Sn into Ge modulates the band structure and redtheesnergy off - and
L-valleys in conduction band as illustrated in Figl0. Although Ge has an
indirect band structure, GeSn alloy shows inditeetlirect bandgap transition by
incorporating certain amount of Sn becauseltheonduction valley decreases
faster than the L valley. Recent theoretical caltohs predicted incorporating

=
w

£ 0.9
Ge 0.8

0.7}
GeSn 1

0.6}
M-point | _point

0.5

0.4F 7
0.3} .
k 0.2 Indirect «—+—>Direct
/ \ “0 5 10 15
LH YNHH Sn content (%)

Fig. 1-10 Electronic band structures of GeSn alloy [13].

Bandgap (eV)
Wavelength ( pm)

Couvl » w

N

around 6-10% of Sn is required for indirect-to-dirandgap transition (Fig.
1-10) [13,14]. Due to this bandgap modulation byS@ealloy, significantly
improved electronic and photonic properties havenbexpected as described in
following session.

1.2.2 Theoretical Calculations of Electronic and @tical properties

Due to the tunable band structure of GeSn alldyag become possible to

13
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Fig. 1-11 Theoretical calculations of (a) carrier effective mass [13], (b) hole mobility [15]
and (c) electron mobility [16] in GeSn alloy.

realize group-IV-based high-performance electromicd photonic devices.
Theoretical calculations predict that the both hentel electron effective mass in
GeSn reduce with increasing Sn content (Fig. 1)11[&3]. Since carrier
mobility is inverse proportional to effective masshancement in both hole and
electron mobility are expected. Figure 1-11(b) abi{c) show theoretical
calculation of hole and electron mobility in GeSlioy in comparison with
group-1V and l1lI-V semiconductors, respectively [16]. The predicted hole
mobility of GeSn is much higher than that of Si@@6cnt/Vs) or Ge (3900
cn?/Vs), and it also outperform the electron mobiliy I11-V semiconductors.
Therefore, GeSn alloy is only semiconductor malteng&ving high hole and
electron mobility. Also, since GeSn alloy is a grd¥ mixed material, it can be
easily introduced into conventional Si technology.

In addition to the improved electronic property,Saealloy is also attractive
for Si photonics. With increasing Sn content, tinergy difference betwee
and L valleys in conduction band decreases as shiawhig. 1-10. Thus,
improved light emission/detection efficiency is egped. Also, as a result of
bandgap shrinkage of GeSn alloy, a correspondih@ftuvavelength extends to
longer which reaches beyondn (Fig. 1-12) [17]. Figure 1-13 shows the
wavelength range and its photonic applications ttogre with corresponding
semiconductor materials. As mentioned before, Geahdirect bandgap of 0.80
eV and corresponding cut-off wavelength is 1550 mvhjch is matched to
conventional optical data transmission (C-bandjhinwavelength range beyond

14
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Absorption coefficient (cm

2 1 1 1
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Fig. 1-12 Absorption coefficient of Ge and GeSn [17].

1550nm and around 2000 nm, there are many emergingcapphs including
extended optical transmission bands, near-infrgfdR) imaging [18] and
biochemical sensing [19]. Since bandgap of GeSnyathatches to these
wavelength range, it has become possible to faeri€@eSn-based photonic
components that enables not only massive and lpglesdata transmission with
an optical interconnect but also NIR imaging andsgsgy on a semiconductor
microchip.

As described in this session, in addition to thpesior electronic property
such as high hole and electron mobility comparedtter group-1V and IlI-V
semiconductors, GeSn alloy has a great potentid\fB photonic applications.
Therefore, monolithic integration of GeSn-basedtetmic and photonic devices
is a promising post-scaling technology to breakphwgsical limitation of Si-LSI.

Wavelength (nm): Ge GeSn
1
780 , 1240 1530 11565 1675 2000

380
VU VA
I O/E/S band C L/U NIR range

{Optical data transmissioni [Near-infrared imaging

Applications: [ Biochemical sensor
NIR imaging!'é Gas sensing('®
- g From Hamamatsu Photonics website
Moonless condition | ] NO
= - ﬁ g1l o, % ODN0
2 Q, O.HS
c HF &
‘- % 0 o CH4° @ NH,
I | Ge-on-Si é o ?oéo
ol CMOS imager 2 1 1 1
3

© 2010 IEEE 1

2
Wavelength (um)

Fig. 1-13 Bandgap of GeSn alloy and its photonic application fields.
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1.3 Issues in Crystal Growth of GeSn Alloy

As described in the previous session, GeSn allgyanaexcellent electronic
and photonic properties and is familiar to convami Si-CMOS process. Thus,
it is considered to be one of the most attractiveug-IV material for
breakthrough the scaling limit of Si-LSI. It offemdvanced electronic and
photonic integrated circuit that would be appliealbd not only optical data
transfer but also imaging, environmental or medieddls.

However, it is quite difficult to obtain high-quigliGeSn crystal due to the
lack of suitable crystallization method, which iss@vere obstacle to fabricate
GeSn-based optoelectronic devices. In this sesssmmnological outlook and
key challenges of crystallizing GeSn alloy are désd.

1.3.1 Epitaxial Growth on Si Substrate

In the case of crystal growth of GeSn alloy, a leguilibrium solid
solubility limit of Sn in Ge as low as 1% [20] aradlarge lattice mismatch
between Sn and Ge or Si [21] are severe obstdeigsl(-14). To deal with these
issues and provide a single-crystalline GeSn |ayéh high Sn content,
non-equilibrium low-temperature epitaxial growthchaique has been widely
used in recent years. “Epitaxy” means a growthimfle-crystalline thin-film on
top of the crystal face of another single-crystallisubstrate. Thanks to the
compatibility of group-IV GeSn alloy to Si proce§3Sn layer can be grown on
a Si substrate. A method such as molecular beataxgp{MBE) or chemical
vapor deposition (CVD) are commonly used for epi#tagrowth of GeSn layer.

Ge (Lig.) + Sn (Liq.)

o 1200 Si Ge Sn
~ Lattice
o 900} o constant 5.43 A 5.66 A 6.49 A
?5 Ge (sol.) + Sn (liq.)
s 600 _GeSn
g- 115%
Iq—) 300 Ge (sol.) + Sn (sol.) 1 [R0%

0

o 1 2 3 4

Atomic percent of Sn (%)
Fig. 1-14 (a) equilibrium solid solubility of Sn in Ge [20]. (b) Lattice constant of Si, Ge
and Sn [21].
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Fig. 1-15 Schematic illustration of single-crystalline GeSn layer grown on Si substrate
by CVD system [22].

© 2017 IEEE

Figure 1-15 show the schematic illustration of BAgystaline GeSn layer
grown by CVD system [22]. Precursors such asHseand SnCl were
commonly used. By using these techniques, singistaltine GeSn layer with a
Sn content up to 12.5% has been grown via thick@ker layer [23].

However, due to the large difference in latticestant between GeSn and Si,
dislocations are induced in epitaxially-grown Gelager, which deteriorate
crystalline quality (Fig. 1-16) [24]. Although thidcGe buffer with a thickness of
a few hundred nm to a @m can mitigates dislocations, it is not suitable fo
fabricating electronic and photonic devices in le¢gc structure or in-plane
integration. Moreover, unfavorable compressiveirstweas inevitably induced in
epitaxially-grown GeSn layer, which lifts up thetlhd - and L-valleys in
conduction band and offset the effect of Sn allgyin

Despite the drawback of epitaxial growth methodgat) effort has been
paid in recent years and direct bandgap GeSn lds®re been successfully

Compressive strain

X Dislocations

x . .
Copyright 2010 The Japan Society of Applied Physics Compresswe strain

Fig. 1-16 Issues in epitaxially-grown GeSn layer. Dislocations and compressive strain

are inevitably induced due to lattice mismatch.
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Fig. 1-17 Direct bandgap GeSn lasers fabricated on epitaxially-grown GeSn layer on

Si substrate.

demonstrated using epitaxially-grown GeSn layerSinsubstrate (Fig. 1-17)
[25,26]. However, operating temperature of GeSrrkasvere quite low and
threshold voltage is still very high, which is onigting from poor crystalline
quality of compressive-strained single-crystalli@eSn layer. Thus, further
improvement of crystalline quality is essential riealize high-performance
GeSn-based optoelectronic devices.

1.3.2 Non-Epitaxial Growth on Insulating Layer

Recently, “non-epitaxial” methods such as solidgehacrystallization
[27,28] or metal-induced crystallization [29] haveeen developed for
crystallizing GeSn alloy on insulating layers, irhish an amorphous GeSn
(a-GeSn) layer deposited on insulators are anngaleadluce crystallization at a
temperature usually below the melting point of Gebgure 1-18 shows crystal
orientation map of GeSn layer on quartz substratter asolid-phase

(@

Amorphous-GeSn Annealing Poly-crystalline
(a-GeSn) Random-nucleation Ge Sn
]
’-‘P’t\

- - G -

(b) TEM image!3"! @ EBSD imag el?7]

Reprinted from ref. 27 and 31, with the permission of AlIP Publishing

Fig. 1-18 (a) Schematic illustration, (b) TEM [31] and (c) EBSD [27] images of
solid-phase grown GeSn layer on insulator.
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crystallization evaluated by electron back-scattdiffraction (EBSD)
spectrometry. Various colors were observed in tBSE image, indicating a
poly-crystalline GeSn layer was formed by this methThis poly-crystallization
Is caused by random nucleation during the annegmgess. Since crystalline
quality of poly-crystalline layer is much poor thtdrat of single-crystalline one,
they exhibit significantly degraded electronic aptotonic properties. For
example, both hole and electron mobility in polystalline GeSn layer are less
than 100 crfiVs [30-33], which is much lower than that of siegirystalline Ge
and even single-crystalline Si.

1.3.3 Lateral Liquid-Phase Epitaxy (LLPE)

In the case of Ge, a high-quality tensile-straisedyle-crystalline Ge wire
can be grown on an insulator by utilizing the latdiquid-phase epitaxy (LLPE)
[34-38], which is one of the most useful methodsfédricating Ge-on-insulator
structure. With this method, an amorphous Ge wwgch is surrounded by SO
layer but partly connected to a Si substrate, realed above the melting point
of Ge to induce lateral liquid-phase growth frone ®i-seed region (Fig. 1-19).
Due to the dislocation confinement at the seed oregia defect-free
single-crystalline Ge wire can be obtained. In thisthod, tensile strain can be
induced in Ge layer due to the difference in therrial-expansion coefficients
between Ge and the Si (Fig. 1-20) [39]. Here, tladiymnduced strain is
determined by thermal-expansion coefficients of enals and maximum
crystallization temperature. In the case of LLPBE¢ca epitaxial growth starts at

SiO,-cap
Amorphous Ge wire Anneal Epitaxial growth

Seed- ’eg'°">4# % (>938°C, 15) [

Si substrate Si substrate

(b) TEM image (Cross-sectional) (c) EBSD image (Top-view)?8]

© 2016 IEEE ' 1°ﬂ“
Fig. 1-19 (a) Schematic illustration, (b) TEM and (c) EBSD images of LLPE-grown
GeSn wire [38].

19



Thermal 0.4 Y T T s T
i e
expansrlon —_ melting point
<---¢--> R 0.3}
1V, c
é- S| -9 g
»n 0.2
QL
Tensile Strain g
& — ﬁ 01F
3 0.0 i i i i
Si 0 200 400 600 800 1000

Temperature (°C)

Fig. 1-20 Thermally-induced strain in LLPE-grown Ge layer. Strain is determined
by difference in thermal expansion coefficient between Ge and substrate, and
crystallization temperature [39].

the melting point of Ge, tensile strain as higl® @86 can be induced [37].

Previously, several groups have examined the LLREA of GeSn alloy
and obtained a tensile-strained single-crystalid@Sn wires [40-43]. Based on
the liquid-phase-grown GeSn wire, a significanthhanced photoluminescence
was observed with respect to bulk Ge substrate MBijch is originating from
the direct bandgap shrinkage and clearly indicatesxcellent crystalline quality
of single-crystalline GeSn wire formed by the LLPE.

However, with this method, crystal-seeds such &s substrate is required
to induce the LLPE growth, which severely limite throcess window and has
difficulty in monolithic integration. Moreover, the is a diffusion of Si atoms
into GeSn wire from seed region [43], which lifis the energy of -valley as in
the case of inducing compressive strain.

Therefore, it has become necessary to find annaltee way to fabricate

high-quality single-crystalline GeSn layer that wbbe applicable to electronic
and photonic integrated circuit.

1.4 Aim of This Study and Contents of Thesis

As described in this chapter, GeSn alloy has d#daa great interest due to
its enhanced electronic and photonic properties,th@ monolithic integration of
GeSn-based optoelectronic devices is regarded a$ pnomising post-scaling
technology that offers not only high-speed and masdata transmission, but
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Fig. 1-21 Contents of this thesis. The aim of this study is to demonstrate GeSn-based

optoelectronic integrated circuit.

also emerging NIR imaging/sensing microchip. Howgewkie to the lack of
suitable formation method of high-quality GeSn tals there are still
difficulties in fabricating GeSn-based electronicdaphotonic devices, and a
potential of GeSn alloy for advanced optoelectroemplications are not fully
demonstrated.

The aim of this work is to provide an advanced Gb&sed optoelectronic
platform that would break the physical limitatioh apnventional Si-based LSI
and to offer emerging multi-functional devices suah NIR imaging/sensing
semiconductor microchip. For this purpose, we psegoa novel crystal growth
method of GeSn alloy, and fabricated high-perforoea@eSn devices including
high-mobility CMOS and NIR photodetector. By intafyng fabricated
GeSn-based electronic and photonic devices, we dstnaded world’s first
fully-integrated group-1V-based NIR imager chip. i@ents of this thesis is
summarized in Fig. 1-22.

Chapter 2 focuses on crystal growth of GeSn alloyransparent substrate.
Since LLPE method requires crystal seed such ab saulftrate and thus not
applicable to monolithic integration, we proposed navel liquid-phase
crystallization by controlling the nucleation duginthe crystallization. A
crystalline quality, Sn content, and strain in feated GeSn layer on quartz

substrate were studied in detail. Both p- and retyipgle-crystalline GeSn wires
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were successfully grown on a quartz substrate, whviculd be an ideal platform
for GeSn-based electronic and photonic integration.

In order to investigate the potential of liquid-gaagrown GeSn wires as a
post-Si high-mobility channel material, p- and rachel thin-film transistors
(TFT) were fabricated in chapter 3. A mobility belwast in GeSn alloy is studied
in detail, and revealed the mobility limiting facton GeSn-based transistor.
Based on findings, high-performance GeSn p- anchamgel TFTs were
successfully demonstrated. This is the first repoft GeSn-based CMOS
fabricated on transparent substrate.

In Chapter 4, we examined the fabrication of Ge&seld photodiode array
on a quartz substrate and evaluated the opticalepties of GeSn alloy in the
NIR wavelength range. Since GeSn alloy is expedtedxhibit high light
emittion/detection efficiency, it becomes possibbefabricate fully-integrated
group-1V-based imager chip with low-cost and lavgddme manufacturing
using conventional Si-CMOS process, that would edgyms imaging device
based on IlI-V semiconductors. For this purpose, further developed the
liquid-phase crystallization technique by utilizingser scanning annealing,
which can provide a single-crystalline GeSn arrycsure on quartz substrate
with high-integrity with low thermal budget. The Rlloptical response of GeSn
photodiode array on a quartz substrate was stidligetalil.

Finally, Chapter 5 provides general conclusionsG&Sn-based electronic
and photonic devices on a quartz substrate fakdcdby liquid-phase

crystallization.
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Chapter 2

Single-Crystalline GeSn Growth on Quartz
Substrate by Nucleation-Controlled Liquid-Phase
Crystallization

2.1 Introduction

As described in the previous chapter, formation af high-quality
single-crystalline GeSn layer is required for aceghoptoelectronic integration
in the post-scaling era. In this chapter, a nowgktallization technique for
fabricating a tensile-strained single-crystallineeSB layer on transparent
substrate have been presented. By using this weobniboth p- and n-type
single-crystalline GeSn wires were successfullyried on a quartz substrate
without using any crystal seed or catalyst, whiaaldes the monolithic
integration of high-mobility CMOS and highly-effemt photonic devices on a
transparent substrate. The crystalline qualityc&ment and strain of fabricated
single-crystalline GeSn wire were also charactédrinedetail in this chapter.

2.2 Nucleation-Controlled Liquid-Phase Crystallizaion
2.2.1 Concept of This Technique

In order to provide a single-crystalline GeSn laysr a transparent
substrate, we developed a novel crystallizatiohrigpie based on the LLPE. In
the conventional LLPE of GeSn wire, Si-seed wakzatl to induce the lateral
liquid-phase growth, which severely limits the pss window and has
disadvantage in the process integrity. Thus, wegsed an alternative method to
induce the lateral liquid-phase growth without gsany crystal-seed or catalyst.
Figure 2-1 shows the basic concept of our propasgstallization technique.
The key is local melting of amorphous GeSn wiredatrol the nucleation and
crystal growth in the liquid-phase GeSn. In theeca$ complete melting of
amorphous GeSn wire, spontaneous-nucleation ihighel-phase GeSn results
in poly-crystallization. However, as for the locaklting, it is expected that the
solidification initiated at the single-nucleus fardhat the solid/liquid interface,
and lateral crystallization quickly propagated aldhe wire. If the lateral growth
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Fig. 2-1 Schematic illustrations of nucleation-controlled liquid-phase crystallization of
GeSn wire on quartz substrate. Local-melting is key to control nucleation in
liquid-GeSn.

speed is enough high to prevent the spontaneousation in the growth front,

single-crystallization GeSn wire can be obtained amdesignated area on
transparent substrate without using crystal sedus Thucleation-controlled
liquid-phase crystallization technique is quite gienand integration-friendly,
which would be a suitable approach for fabricatirg high-quality

GeSn-on-insulator structure.

2.2.2 Fabrication Process

Figure 2-2 shows the fabrication process of simgjestalline GeSn wire on
a quartz substrate by using the local melting mec&/e used a commercially
available quartz substrate as a starting substrat&00-nm-thick amorphous
GeSn layer was deposited using a molecular bearosdgm system at room
temperature (R.T), and patterned into narrow sriffer example, W/L = 3/300
pum) by CR-based reactive ion etching. The Sn content indideamorphous
GeSn layer was estimated to be around 2% throudgh iPasurement. It should
be noted that Sn segregation at the surface ofsateposited GeSn layer was
observed due to the low solid solubility of Sn ia.@fter depositing a thick SiO
capping layer [l um) by RF-sputtering to prevent agglomeration of G&Sn
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Fig. 2-2 Fabrication process of single-crystalline Fig. 2-3 Simulation study of

GeSn wire on quartz substrate by local-melting temperature gradient along the
process. GeSn wire under the local heating
condition.

alloy, rapid thermal annealing (RTA) was performadnitrogen (N) ambient
above the melting point of GeSIPE8°C) for 1 s. In the RTA process, in order to
melt a GeSn wire locally, sample was placed onsaeqtor consisting of carbon
and guartz. Since a quartz is transparent to tfrared (IR) light used in this
lamp annealing equipmem € 1.2 um), only the carbon part can be heated to
above the melting point of GeSn. Figure 2-3 showsuktion study of
temperature gradient along the 30®-long GeSn wire on a quartz substrate
under local heating condition, in which carbon spgor acts as a heat source
that is placed under the half area of sample. Rtemsimulation result, it was
found the temperature gradient was formed alongs®n wire, which would be
a driving force for lateral crystal growth.

2.3 Physical Characterization
2.3.1 Crystalline Quality and Sn Content

First we investigated the crystalline quality obfi@ated GeSn wire on a
quartz substrate by using nucleation-controlleduitiephase crystallization.
Figure 2-4 shows the optical and electron backtacdiffraction (EBSD) images
of the 300pm-long GeSn stripes after RTA. As shown in the EB®RAge of the
completely-melted GeSn stripes (Fig. 2-4(a)), theéous colors were observed
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Fig. 2-4 Optical and EBSD images of GeSn stripe on quartz substrate formed by (a)
complete- and (b) local-melting process [1].

width
10 pum
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Fig. 2-5 Optical image of GeSn stripe on quartz substrate after local-melting with
various width ranging from 1-10 pm.

in each wire, which is corresponding to variousstaly orientatio ns and
indicating poly-crystallization. This result indiea that it is difficult to suppress
the preferential random nucleation within the castpimelting process. However,
for the locally-melted sample, most of the GeSipss appeared in the same
color in the EBSD image from the middle to the esfdthe wire for over
250um-long (Fig. 2-4(b)), which means that lateral idyphase crystallization
was initiated from a single-nucleus formed near sbéd/liquid interface. We
have succeeded in fabricating a single-crystafBe&n wire with a length up to 2
mm by this method (data not shown). Also, we comdéid that almost all of
single-crystalline wires were (100)-oriented in theection normal to the surface.
This preferential orientation of GeSn wires woukldetermined by an interface
energy between liquid GeSn and quartz. It shouldnbted that the bright
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Fig. 2-6 Cross-sectional TEM images of Fig. 2-7 Depth profiles of Sn and Ge
single-crystalline GeSn wire formed on composition in GeSn layer by EDX.
quartz substrate [1]. Average Sn composition (Sn/Ge+Sn) is

determined to be 2.6% [1].

contrast region in the optical image of the singlgstalline GeSn stripes is the
Sn precipitation that is swept out during laterabvgth due to the low solid
solubility of Sn in Ge. Also, we have examined tbeal melting process for
wide GeSn wires (width: 1-10m) to investigate the feasivility of our proposed
crystallization technique. As shown in Fig. 2-5, @mcipitation, the sign for
accomplishment of lateral growth, was observedafbof GeSn wires, indicating
simultaneously obtained single-crystalline wiregshwihe widths of 1-1Qum.
This clearly indicates the advantage of our criigtlon technique in terms of
device fabrication.

Figures 2-6 show the cross-sectional transmissil@etren microscope
(TEM) images of a single-crystalline GeSn wire mgad 100um from the Sn
precipitation. It was found that a dislocation-freiagle-crystalline GeSn layer
was grown on a quartz substrate.

Then we investigated the Sn content in the singlstalline GeSn wire by
energy dispersive X-ray spectrometry (EDX). Frora #DX depth profiles of
Ge and Sn shown in Fig. 2-7, over 2% of Sn unifgrhtributed in the depth.
The average Sn content along the depth directios esimated to be 2.6%,
which exceeds the solid solubility limit of Sn ireGt should be noted that the
Sn content in the single-crystalline GeSn layer Wwaher than the initial Sn
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Fig. 2-8 (a) Raman spectra obtained from single-crystalline GeSn wire and control
bulk Ge substrate, (b) Position dependence of Raman shift and extracted Sn content.

content inside the amorphous GeSn lay&%4). This can be explained by the
diffusion of Sn, which was segregated at the serfaicthe as-deposited GeSn
layer, during the melting growth process.

We have also confirmed Sn content along the latgraivth direction
through micro-probe Raman spectroscopy. Since Ho#tation beam size is
enough smallll um) compared to the GeSn wirg3(pm), position-dependent
Raman spectra can be obtained. Figure 2-8(a) shibgvsrormalized Raman
spectra from Ge-Ge vibration mode for single-ciijis& GeSn wire on quartz
substrate measured 10 from Sn precipitation and control bulk Ge sulistra
The Raman peak of GeSn wire is shifted to a lowavemnumber compared to
that of bulk Ge substrate, which is originatingnfréhe incorporation of Sn and
inducing tensile strain. According to the experita¢rstudy, the correlation
between Raman shift and Sn content/strain is egpdedy the following
equation [2].

Aw=— (82 4)x — (563%£34)e
(Awx Raman shift, x: Sn content, €: Strain,)
By assuming the strain is uniformly induced alohg wire, we can evaluate the
Sn distribution along the wire from Raman shiftgltie 2-8(b) shows the
position dependence of Raman shift (blue line) extdacted Sn content by using
the above equation (green line) for 30@-long GeSn wire. It was found that the
Sn content in GeSn wire is almost constant fomtlost part of wire (0-29fm),
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which would be suitable for electronic and photathéwice fabrication. It should
be noted that the Sn content rapidly increased theagrowth end (295-30@0m)
and reaches as high as 8%, which is due to the@egation during the lateral
growth.

2.3.2 Determination of Strain by Synchrotron X-rayDiffraction

We also evaluated the strain in the GeSn stripgstallized on a quartz
substrate. For an accurate measurement of strée inarrow GeSn stripes (W =
3 um), we employed synchrotron micro X-ray diffractiQe XRD) with a beam
size of 708200 nnt and an acceleration energy of 12 keV (Fig. 2-9) [3
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Fig. 2-9 Experimental setup of synchrotron u-XRD used in this study [3].

The obtained diffraction peak of (004) planes fairagle-crystalline GeSn
wire on a quartz substrate and a control bulk Gestsate were shown in Fig.
2-10(a). The diffraction peak from GeSn wire wasaded at a higherB2angle
compared to that from bulk Ge substrate, indicasirtecrease in lattice constant
perpendicular to the planes. From the diffractieakpposition of the GeSn wire
and the Sn content evaluated by EDX, in-plane rstkads estimated using
Vegard's law for GeSn alloy [4,5]. Figure 2-10(d)ow/s the strain evaluated
from thep-XRD results as a function of distance from thep&tipitation. It was
found that over 0.5% of tensile strain was induitethe GeSn wire crystallized
on the quartz substrate. This tensile strain igand agreement with the value
calculated from the differences in the thermal espen coefficient between
GeSn and quartz (dashed line in Fig. 2-10(b)). Fiioese results, we confirmed
that a highly tensile-strained single-crystallineSa layer with a Sn content
exceeding solid solubility was grown on a quartasstate.
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Fig. 2-10 (a) (004) u-XRD diffraction patterns of single-crystalline GeSn wire and bulk
Ge substrate. (b) Strain distribution evaluated from p-XRD and EDX results as
function of distance from Sn precipitation [1].

2.4 Optical Characterization

Then we investigated the Iluminescence property loé fabricated
single-crystalline GeSn wire on a quartz substbgtenicro-photoluminescence
(u-PL) measurement. The 20-mW excited laser with aelemgth of 647 nm was
focused on the sample surface through neutral tye{idD) filter with a diameter
of about 1um. Light emission was detected from a wavelength.bfto 2.2um
using a cooled, wavelength-extended InGaAs 1024l fiixear photodiode array
(Table 2-1, Princeton Instruments: PyLon-IR-2.2)ticglly coupled to a
spectrograph system. In this experiment, all Plcspewere acquired at room
temperature.

Figure 2-11 shows the PL spectra obtained fromleiagystalline GeSn
wire on a quartz substrate with different measurgrpesition (middle and near
the edge of the wire) and control bulk Ge substrabe PL spectra from middle

Table 2-1 Specifications of photodetector used in p-PL system.

Model PyLon-IR 1023
Image sensor Linear InGaAs photodiode array
Format 25 ym (W) x 250 pm (H)
Spectral range 1.0-2.2 um
Operation temp. -100 °C
Quantum efficiency at 70%
2 pm
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Fig. 2-11 PL spectra for middle and near edge of single-crystalline GeSn wire on
quartz substrate and cotrol bulk Ge substrate [1].

part of GeSn wire shows direct bandgap emissiothatpeak wavelength of
around 1800 nm, which is red-shifted with respedbhat from bulk Ge substrate
(0.80 eV, 1550 nm) for about 0.1 eV. This bandgafngage is caused by the
alloying Sn and inducing biaxial tensile strains@| an enhanced direct bandgap
emission was observed34 bulk Ge), indicating an excellent crystallineatify

of the fabricated single-crystalline GeSn wire.f@isthe near edge of GeSn wire,
a significantly enhanced luminescene&4 bulk Ge) with a peak wavelength of
about 2um was observed, which is originating from the iasein Sn content
due to the Sn segregation. From the theoreticaltalon, the indirect-to-direct
bandgap transition energy of tensile-strained Galdy is predicted to be around
0.69 eV. Thus, it is expected that near the edgeedn wire has a direct bandgap
electronic structure.

2.5 Evaluation of Conduction Type and Carrier
Concentration
2.5.1 Hall Effect Measurement

As described in the previous session, we have sdeckin fabricating a
high-quality tensile-strained single-crystalline Skewire on a quartz substrate.
In order to reveal the electrical property, we hawestigated the conduction
type and carrier concentration of fabricated siraglestallineGeSn wire.
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Fig. 2-12 Basic physical principle of Hall effect measurement.

Electron -~
(or hole)

One of the most popular and useful method for adtaraing a conduction
type is the Hall effect measurement. In this methdaen the current flows in the
semiconductor along a direction perpendicular toagplied magnetic field,
electron (or hole) that is flowing across the semductor is influenced by
Lorentz force, and moved toward a direction perpzndr to both current flow
and magnetic field (z direction). This movementetéctron to the z direction
forms a positive charge on the opposite side, has torming an internal electric
field along z direction, which is measured as Hdfect voltage and we can
estimate the conduction type and carrier conceotrdtom the equation shown
in Fig. 2-12. In this method, current-voltage cloéeastic is measured by
probing metal contact on four side on a semicorwugibstrate as illustrated in
Fig. 2-12.

However, the fabricated single-crystalline GeSra isarrow stripe with a
wire width of 3um, and thus it has been difficult to evaluate eleak properties
by Hall effect measurement.

2.5.2 Fabrication of Hall-Bar Shaped GeSn Wire

In order to enable the Hall effect measurementeuaduate the exact carrier
concentration of fabricated single-crystalline Ge®me, we examined the
liquid-phase growth of branched single-crystallBeSn wire as shown in Fig.
2-13. Since four probes can be contacted crosgbheesample, Hall voltage can
be measured with this Hall-bar shaped GeSn wirgurki 2-13(b) shows the
optical image of Hall-bar shaped GeSn wiredk 200 nm) after local melting
process. The Sn precipitation was clearly obseatethe edge of each branch
(bright contrast region), suggesting that the srayystallization was
successfully propagated. This would be beneficial anly for Hall effect
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Fig. 2-13 (a) Schematic illustration of Hall-bar shaped GeSn wire on quartz
substrate. (b) Optical image of Hall-bar shaped GeSn after liquid-phase growth.

measurement, but also GeSn-based optoelectroniced@brication that requires
flexibility in device structure.

Figure 2-14 shows the Hall current-voltage chargttes of fabricated
liquid-phase grown GeSn wire. In this experimenagmetic field was set to be
0.1 T by usingneodymium magnet. From positive slope of the ptbe
conduction type of liquid-phase grown undoped Ge&&me was found to be
p-type. This p-type conduction is typical featufaundoped GeSn layer and that
is explained by the point defect in Ge or GeSn,cWlact as acceptor-like state.
By using the equation shown in Fig. 2-12, the earconcentration of undoped
GeSn wire was estimated to be arourd@®°® cnt3, which is much smaller than
that of poly-crystalline GeSn layer (>#0cm3) [6] or epitaxially-grown
single-crystalline GeSn layer @a10*® cnt®) on Si substrate [7]. This indicates
the excellent crystalline quality of the fabricatleglid-phase grown GeSn wire
on a quartz substrate, which would be an attragitaéform for GeSn-based
optoelectronic integration on a transparent sutestra
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Fig. 2-14 Hall plot of fabricated liquid-phase grown undoped GeSn wire.
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2.6 N-type Doping into Liquid-Phase Grown Ge and
GeSn Wires

2.6.1 Issues in n-type GeSn Formation

In the previous session, we have succeeded in chhmg a
single-crystalline GeSn wire on a quartz substiaye nucleation-controlled
liquid-phase crystallization. The Hall effect measuent revealed that the
undoped GeSn wire is p-type due to the acceptergidint defects as in the case
of Ge. Also, carrier concentration was evaluatedogéo around 810 cnt3,
indicating an excellent crystalline quality of tli@bricated single-crystalline
GeSn wire.

Considering the monolithic integration of CMOS andight
emission/detection devices, not only p-type but atstype GeSn layer is
indispensable. In general, n-type doping of Getilk difficult due to the high
diffusivity and low solid solubility of n-type dopés in Ge [8]. In addition, in the
case of GeSn, a low thermal budget is requireddfgrant activation annealing
due to its poor thermal stability, which makes itah more challenging to form a
high-quality n-type GeSn layer [9]. Previously,rdque n-type doping technique
using the LLPE has been reported, in which the i3 iwere implanted into
amorphous Ge wire followed by RTA to induce the BL&1d dopant activation
simultaneously [10]. An advantage of this methodtasavoid implantation
damage and does not require additional activatrorealing, which seems to be
an attractive approach for fabricating a high-gyah-type single-crystalline
GeSn wire. In recent years, the LLPE-growth ofifRplanted GeSn wire was
also reported from our group and the enhancedtdi@edgap PL emission was
demonstrated [1,11]. However, the doping conceapntratand profile in
liquid-phase grown Ge and GeSn wire is still uncheal the electrical properties
have not been investigated in spite of its impargan

In this session, in order to provide a further ghsiinto this n-type doping
technique, we systematically investigated the diffn and activation behaviors
of n-type dopant during the liquid-phase crystatian process. In our work, Sb
was selected as an n-type dopant since a higha#iotivrate is expected during
the melting and recrystallization process of Sbeibie. [12] The physical,
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optical and electrical properties of Sb-doped srglstalline Ge and GeSn
wires were studied in detail.

2.6.2 LLPE-Growth of Sb-Doped Ge on Silicon Subséte
2.6.2.1 Fabrication Process

Fabrication process of Sb-doped LLPE-Ge wire isstllated in Fig. 2-15.
After wet cleaning the silicon-on-insulator wafeittw50-nm-thick Si layer and
150-nm-thick buried oxide, the Si layer was pagerby tetramethyl ammonium
hydroxide (TMAH) solution to define the seed regidrhen, a 100-nm-thick
amorphous Ge layer was deposited by molecular logoosition system at room
temperature. For the n-type doping, Sb was simeittasly evaporated during Ge
deposition. From the secondary ion mass spectrgr{®tMS) measurement, the
Sb concentration in the amorphous Ge layer wamat#d to be aroundx%0'®
cnr3. After patterning the Sb-doped amorphous Ge layernarrow stripes (W/L
= 2/100 um), a thick SiG-capping layer [(1 um) was deposited to prevent
agglomeration of liquid-phase Ge. Then, RTA wadgquared in nitrogen ambient
over 938C for 1 sec to induce the LLPE-growth from the sesgon.

/’K—cell ’\ Sb conc.

[5x10° cm-3 Seed
] SiO,-cap :

Ge

Sb-doped a-Ge Wire patterning RTA (>938°C, 1)
depo. (100 nm) (W/L = 2/100 pm)

Fig. 2-15 Schematic illustrations of LLPE-growth of Sb-doped Ge wire.

2.6.2.2 Evaluation of Sb Distribution

Figure 2-16(a) shows the typical optical microscape EBSD images of
the Sb-doped Ge wire after RTA. As shown in the EBSage, the Sb-doped Ge
wire exhibited a single-crystalline (001) orient&ti which is identical to the
Si-seed. This indicates that the LLPE-growth prdeeefrom the seed region and
that the Sb incorporation hardly affected the Hiterystal growth of Ge.
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Then we investigated the doping profile of Sb irPH-grown Ge wire. For
an accurate measurement of Sb concentration inaivew Ge wire (W = 2um),
micro-SIMS (1-SIMS) measurement with a detection area size ofLlQQum?
was employed. Figure 2-16(b) shows the Sb depthiggon LLPE-Ge measured
at different position along the wire. Although t8b concentration in the middle
part of wire was under the detection limit (¥46n13), high concentration of Sb
exceeding the solid solubility (>30cn1®) was detected at the edge of wire.
These results indicate that the Sb atoms were swepttoward the growth
direction during the LLPE, resulting in a formatioh highly Sh-doped region
near the growth end. This would be due to the legresgation coefficient of Sb
in Ge, and coincides well with the calculated geobased on Scheil’'s equation
[13]. We also confirmed Sb precipitation at the ehdvire (dark contrast region
in Fig. 2-16(a)). Similar dopant segregation pheaonanwas reported for LLPE
growth of P-doped Ge [10].

In order to provide a further insight into the aation behavior of Sb during
the liquid-phase crystallization procegsPL measurement was performed. In
the case of Ge, it is known that the electron papah atl -valley increases by
n-type doping, leading to enhancement of directdgap emission. Since the
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Fig. 2-16 (a) Optical and EBSD images of Sb-doped Ge wire after RTA. (b) pu-SIMS
depth profiles of Sb concentration in LLPE-Ge wire measured at different position
along the wire (Ref. 16, Copyright 2018 The Japan Society of Applied Physics).
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Fig. 2-17 (a) PL spectra of Sb-doped LLPE-Ge wire on SiO2/Si substrate measured at
different position and control bulk Ge substrate. (b) Position-dependence of peak PL
intensity for Sb-doped and undoped LLPE-Ge wires (Ref. 16, Copyright 2018 The
Japan Society of Applied Physics).

emission intensity increased with increasing eleally active donor

concentration [14], we can estimate the active iStrildution. The excited laser
with a wavelength of 647 nm was focused on the sasyrface with a diameter
of about 1um, enabling the evaluation of position-dependentspéctra along
the narrow Ge wire (W = @m).

Figure 2-17(a) shows the PL spectra obtained frord&ed Ge wire with
different measurement position along the wire amtrol bulk Ge substrate. The
Sbh-doped Ge wire exhibits direct bandgap emisstiotihe peak wavelength of
1660 nm, which is red-shifted with respect to thhatn bulk Ge substrate (0.80
eV, 1550 nm) for about 50 meV. This bandgap shgekia caused by the biaxial
tensile strain of about 0.3%, which is originatifiigm the large difference in
thermal expansion coefficient between Ge and i [[%e tensile strain of about
0.3% was also estimated from Raman measuremera (adtshown). Also, a
significant increase in the PL intensity was obedrat the edge of Sb-doped Ge
wire (X7 Ge substrate), indicating the formation of heawmitype doped region,
and this is consistent with the Sb distributionleated byu-SIMS measurement
(Fig. 2-16(b)). The position-dependence of peakiiénsity for the Sb-doped
and undoped LLPE-Ge wires are shown in Fig. 2-17[ib)contrast to the
undoped Ge wire, the Sb-doped Ge wire shows rerblrkacrease in the PL
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intensity near the edge of wire due to high Sb eatration. However, at the
most part of Sb-doped Ge wire (20-1Qén far from edge of wire), the PL
intensity is comparable to that of undoped Ge aird nearly constant along the
wire. This indicates that the electrically activepthg concentration in Sb-doped
LLPE-Ge wire was low and almost uniform along thieewexcept for near the
growth end. We have also confirmed that the PLnsitg near the growth end
was strongly affected by the initial Sb concentmratiwhile negligible change was
observed at the most part of wire (Fig. 2-17(b)L.E° cntd).

2.6.3 Liquid-Phase Growth of Sb-Doped GeSn on
Quartz Substrate

2.6.3.1 Fabrication Process

We next examined the nucleation-controlled liquidkpe growth of
Sb-doped GeSn wire on a quartz substrate to obtinhigh-quality
single-crystalline n-type GeSn wire. In order toluoe the lateral liquid-phase
crystallization without using crystal-seed, the dbcmelting process was
employed (Fig. 2-18). The detail of this crystallibn process is described in
session 1.2. After wet cleaning a quartz substraté80-nm-thick Sb-doped
amorphous GeSn layer was deposited and patterm@chamrow stripes (W/L =
2-5/300um). The Sn and Sb concentrations in the amorph@a&nGvire were
estimated to be 2.5% ana®)'° cnT, respectively. Then, a thick Si@apping
layer was deposited and RTA was performed for dicallmelting of amorphous
GeSn wire to induce the liquid-phase growth.

K-cell i
. Sb conc.
/‘5- e SN :’\ bx10%° cm-3 Solid  Liquid GeSn
Ge T o © <% Sh /  si0,cap .:"».,__Lateral growth

Quartz Quartz

Quartz
Sb-doped a-GeSn Wire patterning Local melting
depo. (80 nm) (WI/L = 2-5/300 pm) (>938°C, 1)

Fig. 2-18 Schematic illustrations of nucleation-controlled liquid-phase growth of
Sb-doped GeSn wire on quartz substrate.
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2.6.3.2 Crystalline Quality

Figure 2-19(a) shows the typical optical and EB®iages of Sb-doped
GeSn wire on a quartz substrate after RTA. Thehbrapntrast region in the
optical image (edge of wire) corresponds to a Smegmtion, which is the sign
for accomplishment of lateral crystal growth. THertical color in EBSD image
observed from the middle to end of wire for ovelO2fn-long indicates a
single-crystallization propagated along the wi@nrira single-nucleus formed at
the solid/liquid interface, which acts as a selfanized seed. It should be noted
that the Sb-doped GeSn wires almost exhibited (0@ignhtation. This would be
originating from the interface energy minimizatibetween GeSn and SO
which is in good agreement with the result of ldjphase grown undoped GeSn
wire.

The crystalline quality of fabricated Sb-doped &nrgystalline GeSn wire
was evaluated by the micro-probe Raman measuregiinesitn spot sizélIl um).
Since a quartz has low thermal conductivity, weeftdly optimized the
excitation conditions in order to avoid thermaketfduring the measurement. As
shown in the inset in Fig. 2-19(b), the Raman pes&ginating from Ge-Ge
vibration mode obtained from Sb-doped GeSn wighifted toward lower wave
number compared to that from bulk Ge substrate,chivhs due to the Sn
incorporation and biaxial tensile strain. By comibgn the EDX result with
Raman measurement, the Sn content and biaxialdestsain was estimated to

(@ 5 am Sn
Optical

EBSD |
(b) 7 2> - —_— ' ' Fig. 2-19 (a) Optical and EBSD images of

6l % ]l Sb-doped GeSn wire after RTA. (b)
— E Position-dependence of extracted FWHM
‘e 5t S 1 from Raman peak of Sb-doped GeSn wire.
2 4 E ) , Inset shows Raman peak obtained from
% B 29°Wa\,§15umbeio(ocm-1) 308 1 Sb-doped GeSn wire and control bulk Ge
= =  substrate (Ref. 16, Copyright 2018 The
& Ge sub. (FWHM: 3.0 cm™)|  Japan Society of Applied Physics).
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be around 2% and 0.3%, respectively. The positepmeddence of full-width at
half maximum (FWHM) extracted from Raman peak wiagted in Fig. 2-19(b).

It was found that the FWHM obtained from Sb-dopeeS6 wire is comparable
to that from bulk Ge substrate and nearly constisorig the wire, indicating an
excellent crystalline quality of the Sb-doped sigtystalline GeSn wire grown
on a quartz substrate. It should be noted thatthstic increase in the FWHM
near the Sn precipitation is attributed to the e@ase in Sn content, which
degraded the crystalline quality due to the laegtce mismatch between Ge and
Sn.

2.6.3.3 Photoluminescence-Based Study

The activation behavior of Sb in the liquid-phasevgn GeSn wire was also
evaluated by the-PL measurement (Figs. 2-20(a) and 2-20(b)). StheeSn
content rapidly increased at the growth end (Fig9@)), the PL measurement
was performed at the position enough far from Sipitation (>1um), where
the Sn content is almost uniform (8B%). Similar to the Sb-doped Ge wire, a
significant increase in the PL intensity was obedmear the edge of Sb-doped
GeSn wire, while the nearly constant intensity whserved at the most part of
wire. This indicates that the single-crystallineS&ewire is also uniformly-doped
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[ GeSn

PL intensity (a.u.)

1200 1400 1600 1800 2000 150 100 50 O
Wavelength (nm) Distance from Sn precipitation (  pm)

Fig. 2-20 (a) PL spectra of Sb-doped liquid-phase grown GeSn wire on quartz
substrate measured at different position along the wire and control bulk Ge substrate.
(b) Position-dependence of peak PL intensity for Sb-doped and undoped liquid-phase
grown GeSn wires (Sn [2%) (Ref. 16, Copyright 2018 The Japan Society of Applied
Physics).
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along the wire. The direct bandgap emission fromd&bed GeSn wire is

red-shifted compared to that from bulk Ge substi@t@bout 100 meV, which is

due to the biaxial tensile strain and Sn incorpormatlt should be noted that the
PL enhancement factor at the growth end comparedetdulk Ge substrate is
much higher than that of Sb-doped Ge wk8(Q Ge substrate). According to the
theoretical calculation [17], the indirect-to-ditdzandgap transition energy of
GeSn alloy is around 0.69 eV when biaxial tensitais is induced. Thus, the
fabricated Sb-doped GeSn alloy would have an iotibandgap structure, but
the reduced energy difference betw€emnd L-valleys due to Sn alloying would
attributed to the enhancement of luminescent efficy.

2.6.3.4 Hall Effect Measurement

Then we investigated the conduction type and caw@ncentration of
Sb-doped GeSn wire formed on a quartz substrate. the Hall effect
measurement, Hall-bar shaped Sb-doped GeSn wire falascated by the
liquid-phase crystallization. The detail of fabtioa procedure is described in
session 2.5.2. In this study, the middle part ofdS8ped GeSn wire, where Sb
was uniformly doped, was used for Hall effect measwent. From the Hall
voltage-current characteristic of Sb-doped GeSwe &g shown in Fig. 2-21, the
Sb-doped GeSn wire was found to be n-type, andctdineer concentration was
estimated to be aroundx#0'® cm3. It should be noted that the carrier
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Fig. 2-21 Hall current-voltage characteristc of fabricated liquid-phase grown Sb-doped
GeSn wire.
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concentration in Sb-doped GeSn wire is quite lowhwiespect to that of
epitaxially-grown n-type GeSn layer reported so Tdnis would be attributed to
an excellent crystalline quality (reduced accepl@- point defects) of the
liquid-phase grown GeSn layer and Sb segregatiangliateral growth.

From these results, we have succeeded in fabrcatiformly and lightly
n-type doped high-quality single-crystalline GeSirewby Sb incorporation,
which would be an ideal platform for GeSn-based tghic and electronic
devices.

2.7 Summary

In this chapter, we proposed a novel method ofi¢abng a high-quality
single-crystalline GeSn wire on a quartz substiyecontrolling a nucleation by
local melting process, lateral liquid-phase crystafion propagates along the
GeSn wire without using any crystal-seed or catabsd obtained a defect-free
single-crystalline GeSn wire. Due to the largeat#hce in thermal expansion
coefficient between GeSn and quartz, tensile straihigh as 0.6% was induced
in the liquid-phase grown GeSn, which promotes lthadgap modulation of
GeSn and is beneficial for optoelectronic applmadi From the Hall effect
measurement, the conduction type of undoped GeSrfauad to be p-type, and
carrier concentration was estimated to be arourti)!8 cn3, indicating an
excellent crystalline quality of liquid-phase gro@eSn. We have also examined
the liquid-phase growth of Sb-doped GeSn wire omuartz substrate for
fabricating an n-type single-crystalline GeSn wilewas found that the Sb
incorporation hardly affect the liquid-phase growthGeSn, and the Sb-doped
GeSn wire has an excellent crystalline quality caraple to that of bulk Ge
substrate. PL-based study revealed that Sb atomes weformly doped in the
most part of liquid-phase grown GeSn wire due ® $ib segregation. The Hall
effect measurement revealed that the Sb-doped @#&®nwas n-type with a
carrier concentration of abouk#0'® cnt3. The presented work in this chapter,
single-crystalline undoped p-GeSn and Sb-doped ®rGsires, will offer an
ideal platform for GeSn-based optoelectronic iraégn.
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Chapter 3

High-Mobility P- and N-Channel GeSn
Thin-Film Transistors

3.1 Introduction

To enable the advanced monolithically-integratedoelectronic circuit,
high-mobility GeSn thin-film transistor (TFT) isrehgly desired. However, there
are only a few report on the GeSn-based TFT despites importance. In the
previous chapter, we proposed a novel method aiciaing a tensile-strained
single-crystalline GeSn wires on a quartz substidateras found that the both
undoped p-type and Sb-doped n-type GeSn wires havexcellent crystalline
qguality that is comparable to a bulk Ge substratkich would be an ideal
platform for electronic device fabrication.

The aim of this chapter is to realize high-mobilipy and n-channel
transistors based on the liquid-phase grown Ge®&swi he electrical properties
of both undoped p-type and Sb-doped n-type GeSeswirere studied in detail
and mobility behaviors were discussed.

3.2 Accumulation-Mode GeSn P-Channel Thin-Film
Transistor

3.2.1 Fabrication process

First we investigated the electrical propertiesiodoped p-type GeSn wire
on a quartz substrate. Figure 3-1 shows the desticecture and fabrication
process of top-gate undoped GeSn TFT. An 80-nnk-thitdoped amorphous
GeSn layer was deposited on a quartz substrateg usirmolecular beam
deposition system and patterned into narrow stripéd = 3/300um). After
depositing a thick Si©capping layer[{ll pm), RTA (938C, 1 s) was performed
in N2 ambient for the local melting of a-GeSn wire. Afthinning the
SiOx-capping layer to 230 nm to use as a gate insulatmurce/drain (S/D)
contact windows were patterned by reactive ion ietc{RIE) and buffered
hydrofluoric acid (BHF) etching. Then, Al gate (gdéngth (lg) of 80 um) and
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Quartz substrate
a-GeSn depo. (80 nm, Undoped)
Source_Gate _Drain Wire patterning (W/L = 3/300 pm)
U SiO,-capping (1 pm)
RTA (>938°C, 1 s) for local melting
SiO,-cap thinning ( 0230 nm)

Contact hole patterning

Quartz

Al electrode formation

Fig. 3-1 Fabrication process of top-gate undoped GeSn TFT on quartz substrate.

Fig. 3-2 Photograph and optical image of fabricated top-gate undoped GeSn TFT on
quartz substrate. Dotted line indicates single-crystalline GeSn wire (channel).

S/D electrodes were formed by vacuum evaporatich \aat etching. For a
comparison, poly-crystalline undoped GeSn TFT wss fabricated by complete
melting process. Figure 3-2 shows the photograptd eptical image of
fabricated top-gate undoped GeSn TFT.

3.2.2 Transistor Operation and Mobility Characterization

Figures 3-3(a) and 3-3(b) show the drain curret¢-galtage (-Vy) and
drain current-drain voltage 4V4) characteristics of the single-crystalline
undoped GeSn TFT formed on quartz substrate, régplgc The electrical
characteristics of a poly-crystalline GeSn TFT fediby complete melting of the
amorphous GeSn wire are also shown in Fig. 3-Ra)ce point defects are
known to act as acceptor-like state in the GeSastaly, the undoped GeSn TFTs
were operated in the p-type accumulation-mode, hviscconsistent with the
result obtained from Hall effect measurement (R¢gl4). As shown in Fig.
3-3(a), well-behaved p-FET operation with an on/affio of over 18 was
achieved for the single-crystalline GeSn TFT (blwefich is much better than
the poly-crystalline TFT (red).
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Fig. 3-3 (a) Ia-Vg and (b) Ia-Va characteristics of single-crystalline undoped GeSn TFT
fabricated on quartz substrate. Those of poly-crystalline GeSn TFT are also shown for
comparison (Reprinted from ref 12, with the permission of AIP Publishing).

Then we investigated the hole mobility in the sigtystalline undoped
GeSn wire. The field-effect mobilityufe) is widely used to evaluate the carrier
transport property of transistor, which is desatilae following equation:

_ Imlyg
HFE = WCVn CorVp
where @ and Gx denote the transconductance and capacitance ofates
insulator, respectively. As shown in Fig. 3-4(abhe tpeak field-effect hole
mobility of undoped p-channel GeSn TFT was estichabebe 423 crtVs. This
value is much higher than that of poly-crystallioee (e 26 cn?/Vs) and

’(/? 500 T T T T T 1-25 T T T
=2 () Sinal i (b)
ingle-crystalline
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Fig. 3-4 (a) Field-effect hole mobility of undoped single- and poly-crystalline GeSn
TFTs. (b) Temperature-dependence of field-effect hole mobility for single-crystalline
GeSn TFT.
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exceeds the reported values for Ge and GeSn TF3} [iLshould be noted that
the obtained hole mobility is comparable to or leighthan that of a

single-crystalline GeSn MOSFET fabricated on bukk seibstrate [4-5]. Also, as
shown in Fig. 3-4(b), the field-effect hole mobjlidecreased with increasing
measurement temperatuped (85 in the peak mobility at 100 compared to the
R.T.), suggesting that the mobility was limited phonon scattering. This
indicates excellent crystal quality of the GeSnewimrmed with this technique.
For further investigation of the effect of Sn ingoration and tensile strain on
mobility enhancement, low-field hole mobilityd) was also extracted from the
l¢-Vg characteristics on the basis of the following ¢igua which is so called

Y-function method [6].

Ip WCoxttoVp
= = (Vg —Vra)
VIm L

where \£g is the flatband voltage. Figure 3-5 shows the fetion-gate voltage
plot of the undoped p-channel GeSn TFT. From tbp sf the Y-function plot,
the low-field hole mobility was estimated as high 2029 cr#Vs at a drain
voltage of -50 mV, where yfange used in the calculation was 5 to 2 V.

By using the following equation [7], the hole contation of the
single-crystalline GeSn layer can be roughly esitha

0.004 T T
Vg range
< (5to2V)
:> 0.003
<
< 0.002}
e
3]
c
< 0.001}
>
0.000
1

Gate voltage (V)

Fig. 3-5 Y-function-gate voltage plot of the undoped p-channel GeSn TFT.
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qup

Where p is the hole concentration, q is the elesltrcharge, ang is the
resistivity of the GeSn channel, which was expenitaky extracted. The hole
concentration was estimated to bexd®’ cn®. By using Irvin’s curve for Ge
[8], which is well-known as a practical relationtlween carrier concentration and
resistivity, the bulk hole mobility of Ge at a givdole concentration can be
theoretically calculated using the above equatkig.(3-6). The corresponding
hole mobility of bulk Ge with a hole concentratimi 2.5x10' cn® was
estimated to be 873 &Ws, which means 18% mobility enhancement for
single-crystalline GeSnug: 1029 cmi/Vs) with respect to bulk Ge. Since the
channel Sn content in the single-crystalline GeSPSRET (2.6%) is not enough
for 18% enhancement in hole mobility [9], the imyped hole mobility is also
attributed to the biaxial tensile strain by inciagghe light hole population [10].
These results clearly demonstrate the advantageiroproposed crystallization
technique to integrate high-mobility GeSn transstin quatz substrates together
with high-efficiency GeSn optical devices.

p

2000

Undoped
GeSn

Bulk Ge
[ (from Irvin’s curve)

800

Hole mobility (cm */Vs)

2016 N N PP .1.617 N N PP .]:018
Carrier concentration (cm '3)

Fig. 3-6 Benchmark of low-field hole mobility for undoped GeSn TFT with in
comparison with that of bulk Ge calculated using Irvin’s curve.

3.2.3 Thickness Dependence of Mobility

We have also investigated the thickness dependamaarrier mobility in
the p-channel GeSn TFT (Fig. 3-7(a)). In this sfudgorphous GeSn wires with
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40 nm

30 nm

20 nm

Fig. 3-7 (a) Schematic illustration of p-channel GeSn TFTs with various thicknesses.

(b) Optical images of GeSn wire after nucleation-controlled liquid-phase growth with
GeSn thicknesses down to 20 nm.

various thicknesses (20 to 80 nm) were locally etelto induce the lateral
liquid-phase growth. We have confirmed that the glgircrystallization
successfully proceeded even in the ultra-thin 26GtHmock GeSn wire (Fig.
3-7(b)). The GeSn p-channel TFTs with various thedses were fabricated with
same procedure described in session 3.2.1. Fomaarison, Ge p-channel TFT
was also fabricated on a commercially-available oGensulator (GeOl)

substrate.
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Fig. 3-8 Thickness dependence of field-effect hole mobility in GeSn and
control GeOI TFTs [22].

Figure 3-8 shows GeSn (or Ge) thickness dependantee field-effect hole
mobility. In contrast to the GeOl TFTs, hole mailof GeSn p-FETs hardly
degraded with reducing GeSn layer thickness dowr2Qonm, suggesting
excellent crystalline quality near quartz substeatd superior interface property
compared to the commercially-available GeOl substriormed by wafer
bonding. This clearly indicates the advantage bfi€ated GeSn TFT that would
be applicable to aggressively scaled MOSFET, whies immunity to short
channel effect.
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In this session, well-behaved accumulation-modeEp-Foperation was
successfully demonstrated for a fabricated singfstalline undoped GeSn TFT
on a quartz substrate. Also, a record-high fiefdetf hole mobility of 423
cn?/Vs was obtained, indicating excellent crystal dyaland mobility
enhancement due to Sn incorporation and tensinstihese results clearly
reveal the potential of liquid-phase grown GeSrewivhich would be applicable
to monolithically-integrated optoelectronic circuit

3.3 Accumulation-Mode GeSn N-Channel Thin-Film
Transistor

3.3.1 Fabrication process

In the previous session, we have demonstratedaaddngh hole mobility
GeSn p-channel TFT based on the undoped GeSn wieequartz substrate. To
realize a high-performance GeSn CMOS circuit, fairon of high-mobility
GeSn n-channel TFT is also quite important. As diesd in chapter 2, we have
fabricated a Sb-doped single-crystalline GeSn wiith an excellent crystalline
quality. Also, the PL-based study revealed thatSbhavas uniformly doped in the
most middle part of liquid-phase grown GeSn wiréjol would be useful for
transistor fabrication. In this study, we fabrichi@n Sb-doped GeSn TFT and
investigated the electrical properties in detail.

Figure 3-9 shows the fabrication process of Sb-do@®Sn TFT. An
80-nm-thick Sb-doped amorphous GeSn layer was dedo®n a quartz
substrate using a molecular beam deposition systdrare Ge, Sn and Sb were
co-evaporated. The Sb concentration in a-GeSn hager around $10*° cnrs.
After patterned the Sb-doped a-GeSn layer intoomastripes (W/L = 2/30@um),
thick SiQ; capping layer was deposited and RTA (%381 s) was performed in
N2 ambient for the local melting of Sb-doped a-GeSrewAfter thinning the
SiOx-capping layer to 200 nm to use as a gate insuyl®&bmate and S/D
electrodes were formed. In this study, the middig pf Sb-doped GeSn wire,
where the active doping level was almost uniforng.(-20), was used as a
channel.
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(b) Quartz substrate

Source Gate Drain
Sb-GeSn depo.
L (Sb conc. 5x101? cm-?)
Wire patterning (W/L = 2/300 um)
SiO,-capping (1 um)

RTA (>938°C, 1 s)
for local melting

Quartz

SiO,-cap thinning (~ 230 nm)

Contact hole patterning

Al electrode formation

Fig. 3-9 (a) Optical image and (b) fabrication process of Sb-doped GeSn TFT on
quartz substrate.

3.3.2 Transistor Operation and Mobility Characterization

The k-V4 and b-Vq characteristics of the fabricated Sb-doped GeShare
shown in Figs. 3-10(a) and 3-10(b), respectively. well-behaved
accumulation-mode n-channel operation was obtaiaed, again confirmed a
successful n-type doping by Sb incorporation.

The extracted field-effect electron mobility was &#/Vs, which is much
lower than the expected electron mobility in temsirained GeSn alloy [11].
Also, as shown in Fig. 3-11, the electron mobilibgreases with increasing
measurement temperature. In the case of undopdthmmel TFT, the hole
mobility decreased with increasing measurement ésatpre, (Fig. 3-4(b))
suggesting that the mobility was limited by phomseoattering [12]. Although the
Sb-doped GeSn wire has an excellent crystallindityusomparable to that of

100 ——T— 160 T T T
E (@ . (b) Vg=-10t0 -2V
WI/L = 2/100 pm 1
= 80t T, =~ 200mm g 120} ]
P Vp=1V 3
< 60 1 =
3 £ 80f _d
5 40 {1 E
° 3
c
S 20 1%
= a
O " 1 " 1 " 0 1 1 1
-20 -10 0 10 0 2 4 6 8
Gate voltage (V) Drain voltage (V)

Fig. 3-10 (a) Ia-Vg and (b) Ia-Va characteristics of single-crystalline Sb-doped GeSn TFT
fabricated on quartz substrate (Ref. 23, Copyright 2018 The Japan Society of Applied
Physics).
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Fig. 3-11 Temperature-dependence of field-effect hole mobility for single-crystalline
Sb-doped GeSn TFT.

undoped GeSn wire (Fig. 2-19), the temperature mthgrece of mobility is
entirely different. It is generally known that tipeesence of large amount of
interface states would attribute to mobility enhement with increasing
measurement temperature due to thermally generededers, but there is
negligible threshold shift in the peak electron ihgh which means the the
effect of interface states is less likely. Fromstheesults, it is strongly suggested
that the high parasitic resistance in Sb-doped GEBh severely limits the
electron mobility.

It is well known that the high S/D contact resistans formed at the
metal/n-type Ge interface due to the Fermi levaehpig (FLP) effect, in which
the Fermi level of various metals is pinned neanthlence band edge, leading to
a high Schottky barrier height of about 0.60 eV &bectron, while Schottky
barrier height for hole is quite low (Fig. 3-12)3[14]. Similar FLP effect for
metal/GeSn contacts was also reported [15]. Thnes]imited electron mobility
would be attributed to the FLP effect at the mat&@eSn interface. (Fig. 3-13)
When a GeSn layer is heavily n-type doped, the @chbarrier depletion width
becomes narrower and thus reducing the contacttaese. However, the
fabricated Sb-doped GeSn wire is lightly doped petywith a carrier
concentration of aboutx40* cnt® (Fig. 2-21), which leads to a high Schottky
barrier height at metal/n-GeSn interface.
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Fig. 3-12 Fermi level of metal/Si and  Fig. 3-13 Schematic illustrations of Fermi level
metal/Ge contacts with various pinning at metal/Ge contacts.

metals. In case of Ge, Fermi level is

pinned near valence band edge [13].

Although the lightly n-type doped GeSn wire is biemal for various
optoelectronic applications, the electron mobilityas quite low in an
accumulation-mode transistor due to FLP effect moidsuitable for GeSn-based
CMQOS circuit. Therefore, further improvement inafen mobility is required.

3.4 High-Mobility = Enhancement-Mode N-Channel
Thin-Film Transistor Based on Single-Crystalline
GeSn n/p Junction

3.4.1 Concept of This Work

By using the nucleation-controlled liquid-phase stajlization technique,
we fabricated a high-quality single-crystalline opdd p-type and Sb-doped
n-type GeSn wires on a quartz substrate and denatedtaccumulation-mode p-
and n-channel TFTs. However, the device performaoiceSb-doped GeSn
n-channel TFT was severely limited by high contaesistance at the
metal/n-GeSn interface due to FLP effect. One efrtiost effective method to
reduce the contact resistance is a heavy n-typenglom which the Schottky
barrier depletion width becomes narrower as shawRig. 3-14. Therefore, in
this study, we have examined Pnplantation into liquid-phase-grown undoped
GeSn wire to form high-quality “fp junction (Fig. 3-15). We systematically
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Fig. 3-14 Band diagrams of metal/n-GeSn contacts with lightly- and heavily-doped
GeSn layer.

investigated the activation behavior of P ions i@S@ layer and evaluated the
electrical characteristics of GeSn‘/m junction. Also, enhancement-mode
n-channel TFT was demonstrated based on Géfnjunction and mobility
behavior was studied in detail.

3.4.2 Single-Crystalline GeSn Hp Junction
3.4.2.1 Fabrication Process

Figure 3-16 shows the fabrication procedure d&fpnjunction in a
single-crystalline GeSn on a quartz substrate. A-@3-thick undoped
amorphous GeSn layer was deposited on a quartzraigbby molecular beam
deposition system and patterned into narrow str{dés = 3/300um, Sn 2%).
Then, a thick Si@capping layer (Jum) was sputter deposited and RTA (>938
1 s) was performed for the local annealing of arhoys GeSn wire to induce the
nucleation-controlled liquid-phase growth. Aftemthing the SiQ layer down to
50 nm, P ions were implanted<@'® cnT?, 40 keV) through a photo resist mask.

— n-type doping into GeSn grown on quartz —

P* impla tatlon Activation anneal
O 0 @

- [>
| Quartz | | Quartz |

Poly Liquid-phase growth\,i

/)

Quartz

Fig. 3-15 Single-crystalline GeSn n*/p junction by combination of
nucleation-controlled liquid-phase growth and ion-implantation.
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A simple ion-trajectory simulation [16] indicatedat the peak of implanted® P
profile located near GeSn surface (Fig. 3-17). Tloxde mask was dry etched
and a 100-nm-thick field oxide was sputter depdsit®opant activation
annealing at various temperatures (4002@)0vas performed in Nambient for
5 min. For the electrical characterization, Al @wit was formed on both
undoped and Fimplanted side in the GeSn wire.

a-GeSn wire on quartz
(Sn 2%, 230 nm)

Si0,-capping (1 um)

Local melting (>938°C)
=8ingle-crystallization

Si0,-cap thinning (50 nm)

P*-implantation
(40 keV, 2x101° cm?2)

Field-oxide deposition (100 nm)

Activation anneal
(400-600°C, 5 min)

Al contact formation

Fig. 3-16 Fabrication process of single-crystalline GeSn n*/p junction on quartz
substrate.
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Fig. 3-17 Ion-trajectory simulation (TRIM) of P* profile in GeSn layer with
acceleration energy of 40 keV.

3.4.2.2 Activation Behavior of P in GeSn

In order to optimize the activation annealing terapge, we first
investigated the crystallinity of"fFmplanted GeSn wire. Figure 3-18 shows the
Raman spectra obtained from-itplanted GeSn wires with different activation
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annealing temperature. The Raman peak of GeSnisvaleifted to a lower wave
number compared to the bulk Ge substrate, whicbriginating from a Sn
incorporation and tensile strain. This result iggistent with our previous study
(Fig. 2-8). The increased peak intensity was olexkfer the P-implanted GeSn
wire with higher activation annealing temperatwsaggesting the recovery of
implantation damage. It should be noted that th@d&tashift remains constant to
activation annealing temperature, which indicates riegligible Sn segregation
or out-diffusion during activation annealing. Thwge can conclude that the
P*-implanted GeSn wire is thermally robust up to ®D0~hich would be enough
high temperature for device fabrication and operati

" GeGe
-gen_sﬂe-stram_& /Undoped A
- n incorporation " GeSn
Activation anneal ‘; :
(400-600°C, 5 min) o ¢ WP,
: R e 600°C J
w/o P* w/P* = I\ 500°C
| 2 - 400°C
e % %4/ [}]
£ _as-impla. |

| Quartz

285 290 295 300 305 310

Raman shift (cm™)
© 2017 IEEE

Fig. 3-18 Raman spectra from P+implanted GeSn wires with activation annealing at
various temperatures [24].

The activation behavior of'An the GeSn wire was evaluated by {h€L
measurement. As mentioned in session 2.6.2.2, §lhadatensity increased with
increasing electrically active donor concentratiomge can evaluate the
temperature dependence of activecBncentration in GeSn. As shown in Fig.
3-19, significant enhancement of PL intensity wdmsearved for the sample
annealed above 500, which is due to increase in electron populatain
-valley by n-type doping. Thus, it is suggested tihe heavily n-type doped
GeSn was formed by activation annealing at 500G0@C. It should be noted
that the slight decreased PL intensity was obsefoedhe sample annealed at
600°C, which can be explained by the diffusion of R7]. Figure 3-20
summarizes the peak PL intensity as a functionnoialing temperature. For a
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comparison, Rimplanted Ge wire was also fabricated on a comrakyc
available GeOl substrate. In contrast to the erddntuminescence of
P*-implanted GeSn wire, "Hmplanted Ge wire exhibited the degraded PL
intensity which is lower than undoped one. Thisuliesuggest that the
implantation-damage in Ge wire hardly recovered] #me Sn incorporation
promotes the recovery of crystallinity from implation damage. However, the

physical mechanism is unclear and further studiesiaeded.
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Fig. 3-19 Raman spectra from P+-implanted GeSn wires with activation annealing at
various temperatures [24].
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Fig. 3-20 Enhancement of PL peak intensity for P*-implanted GeSn and GeOI wires as
a function of annealing temperature [24].

Figure 3-21 shows the position dependence of Rinsity for P-implanted
GeSn wire. It was found that the enhanced lumimeszevas observed only in
the implanted region x¢ undoped) and it exhibits rapid increase at the
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undoped/implanted interface, suggesting that tmepdtm/p junction was formed
along the wire (Fig. 3-21).

mPIantation .

Quartz

PL intensity (a.u.)

Activation
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Fig. 3-21 Position dependence of PL intensity for P+implanted GeSn wire [24].

3.4.2.3 Current-Voltage Characteristics

Figure 3-22 shows the optical image and |-V chanastics of GeSn iip
diodes fabricated on a quartz substrate with awbwaannealing at various
temperatures. For a comparison, |-V charactergdtiendoped GeSn wire is also
shown. Due to the FLP effect at metal/GeSn intexf&chottky barrier height for
hole is quite low (<0.1 eV) and thus Ohmic featwas observed for undoped
GeSn wire. On the other hand, well-behaved recgfycharacteristics with an

w

-
o

Bulk Ge n*/p diode

N

-
o

-

-
o
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GeSn
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=
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107}
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Fig. 3-22 I-V characteristics of n*/p diodes fabricated in GeSn wires on quartz substrate
with activation annealing at various temperatures [24].
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on/off ratio of 18 were obtained for the GeSr/m diodes, suggesting P ions
were highly activated in GeSn layer and that is stdant with
photoluminescence results. Also, a dark currentasiparable to p diode
formed on bulk Ge substrate, which would be duerioexcellent crystalline
quality of the liquid-phase grown GeSn wire.

3.4.3 Transistor Operation and Mobility Characterization

As described in the previous session, we have sdeckin fabricating a
high-quality ri/p junction by P implantation into liquid-phase grown GeSn wire.
Based on the GeSn*/p junction, we next fabricated an enhancement-mode
n-channel TFT. Although high electron Schottky learheight is formed at the
metal/n-GeSn interface, heavily n-type doping reduschottky barrier depletion
width and thus reducing contact resistance. Thezefmobility enhancement is
expected in enhancement-mode n-channel TFT comparacdcumulation-mode
one.

Figure 3-23 shows the fabrication procedure andicaptimage of
enhancement-mode GeSn n-channel TFT. After formangingle-crystalline
GeSn wire (SHR2%) on a quartz substrate, P ions were implantedtive S/D
region. After performing an activation annealing580 or 600C, Al gate and
S/D contact were formed. Figure 3-24 shows th€gland b-V4 characteristics
of the fabricated enhancement-mode GeSn n-chariikel Successful n-channel
transistor operation was observed, and the on4tuofeenhancement-mode TFT
was found to be much higher than that of accunmanatnode one (Fig. 3-24).

(a)

P*implantation Activation anneal Gate & S/D formation

Quartz [> Quartz I‘J\> Quartz
b)

Fig. 3-23 (a) Fabrication procedure and (b) optical image of enhancement-mode GeSn
n-channel TFT
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Fig. 3-24 (a) Ia-Vg and (b) Ia-Va characteristics of single-crystalline GeSn n-channel
TFT fabricated on quartz substrate.

The extracted field-effect electron mobility of @mtement-mode GeSn TFT
is shown in Fig. 3-25(a). The improved electron itigbover 220 cni/Vs was
obtained, which is much higher than that of accatioh-mode TFT (Fig. 3-11).
Temperature-dependent mobility behavior was alsalistl. In contrast to an
accumulation-mode GeSn TFT, the electron mobifitgmhancement-mode TFT
decreased with increasing measurement temperatige 8-25(b)), which
indicates the mobility was limited by the phonoratsering as in the case of
undoped GeSn TFT. This is a clear evidence of rdlwontact resistance by
heavy n-type doping, in which Schottky barrier @tipin width at metal/n-GeSn
contacts becomes narrower. Figure 3-26 shows thmehibgark of electron
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Fig. 3-25 (a) Temperature dependence of field-effect electron mobility for
enhancement-mode and accumulation-mode GeSn n-channel TFTs. (b) Field-effect
electron mobility as function of measurement temperature.
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Fig. 3-26 Benchmark of electron mobility with previously reported Ge-based n-channel
TFTs.

mobility with previously reported Ge-based n-chdrn@nsistors. In this work,

record-high electron mobility of 271 éMs was achieved for the
enhancement-mode GeSn n-channel TFT {60&ctivation anneal), which is
much higher than Ge n-channel TFT and comparaliieatoof GeSn n-MOSFET
fabricated on a bulk substrate. This result agagiicates the excellent crystalline
quality of the liquid-phase grown GeSn wire, and Wave succeeded in
demonstrating a potential of GeSn alloy as a highilty CMOS channel

material.

3.5 Summary

In this chapter, we demonstrated both p- and nudla@eSn TFTs based on
undoped p-type and Sb-doped n-type liquid-phasewmgraGeSn wires,
respectively. A record-high hole mobility of 423 #\'s was obtained for the
undoped p-FET, which indicate the excellent crjisialquality of liquid-phase
grown GeSn wire. On the other hand, it was fourad the electron mobility in
Sb-doped n-FET is severely limited by high paresgsistance at S/D region due
to the FLP effect. In order to improve the n-chdrtrensistor performance, we
examined heavy n-type doping by implantation. An well rectifying behavior
with on/off ratio of 18 was obtained, and the PL-based study revealeahthgpt
n*/p junction was successfully formed. Based on shugystalline GeSn fp
junction on a quartz substrate, we fabricated a@mecement-mode n-channel
TFT. A record-high electron mobility of 271 éfds was obtained, and the
temperature-dependence of mobility revealed thatniobility was limited by
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phonon scattering, which clearly indicates the oceducontact resistance by
heavy n-type doping.

From these result, we have succeeded in fabricatihggh-mobility GeSn
p- and n-channel TFTs for the first time basediguidi-phase grown GeSn wires.
The presented CMOS technology will facilitate themlithic integration of
optoelectronic devices on various insulating suabes.
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Chapter 4

Fabrication of Back-llluminated GeSn Photodiode
Array for Monolithically-Integrated Near-Infrared
(NIR) Imager Chip

4.1 Introduction

As mentioned in chapter 1, GeSn alloy is also psorgi for photonic
applications especially imaging/sensing in the Mi& elength range (1.545m)
due to its tunable bandgap. So far, NIR photonivia#s such as laser or
photodetector have been developed based on diesxighp III-V compound
semiconductors, which have high sensitivity to & wavelength range (Fig.
4-1). However, there are several issues in |lI-8dgh electronic and photonic
integrated device such as a NIR imager chip. Figi#2 illustrates device
structure of conventional NIR imager chip (left urg). Light receiving
component (photodiode array) is fabricated on lis&Mmiconductors such as an
InGaAs, while Si-LSI is commonly used for signalopessing component
(read-out circuit) that is fabricated on Si suldstfay mature CMOS technology.
In order to integrate IllI-V photodiodes on Si-basexhd-out circuit, wafer
bonding or heteroepitaxy have been utilized. Howeae incorporation of IlI-V
material to Si-process leads to increase in procesglexity, and it is generally
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Fig. 4-1 Detectivity of group-IV and III-V compound semiconductors in NIR wavelength
range [1].
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Conventional NIR imager GeSn NIR imager on quartz

NIR light Photodiode GeSn

circuit

NIR light
® lll-V-based © GeSn-based
=Process complexity =Monolithic integration
=Difficulty in scaling © Quartz substrate
=High-cost =Enabling back-illumination

Fig. 4-1 Schematic illustrations of conventional NIR imager chip and our proposed
monolithically-integrated GeSn-based NIR imager chip on quartz substrate.

high-cost. Also, there is a concern about crossacomation since group-Ill and
group-V elements behave as p- and n-type dopaesmectively. Therefore,
realization of fully-integrated group-IV-based ogl&ctronic circuit is strongly
desired for not only optical interconnection onLSi but also various photonic
applications in the NIR wavelength range.

In this work, by using the liquid-phase crystaltina technique, a
high-quality tensile-strained single-crystallineSbewire was successfully grown
on a quartz substrate (Chapter 2). Based on thellighase grown GeSn wires,
we report the first demonstration of p- and n-cleirBeSn TFTs and achieved
record-high hole and electron mobility that outperis previously reported
Ge-based TFTs. These results clearly indicate titengial of tensile-strained
GeSn alloy as a high-mobility CMOS channel mate(@hapter 3). Thus,
integration of GeSn-based NIR photonic devices @RS circuit opens a way
for advanced group-IV-based optoelectronic circliso, since a quartz has high
transparency to the NIR light, single-crystallineSa layer on a quartz substrate
would be an ideal platform for NIR photodetectianlight emission. Therefore,
in this chapter, we examined the fabrication of hlyeefficient GeSn
photodetector based on the liquid-phase grown Ga®m on quartz substrate to
demonstrate fully-integrated GeSn-based NIR imabag.

For this purpose, we proposed a novel liquid-pltagstallization technique
based on laser annealing to form a single-crys&alizeSn array on quartz
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substrate for enabling NIR image sensor. By perifiognP ion implantation,
GeSn photodiode array was successfully fabricatetltihe electrical properties
were studied in detail. Also, NIR photoresponsé&sefSn r/p photodiode under
both front- and back-side illumination was evaldate

4.2 Laser-Induced Liquid-Phase Crystallization
4.2.1 Concept of This Technique

In order to fabricate an image sensor, two-dimaraifocal plane array is
required for photodetection. However, the latergliil-phase growth of GeSn
wire by local melting based on RTA requires noninglregion and cannot be
used for crystallization of GeSn array, since catgly melted GeSn array
becomes poly-crystalline while that in non-meltedion remains amorphous as
illustrated in Fig. 4-3 (left figure). Thus, altative method for crystallizing
GeSn array is required for enabling NIR image seosa quartz substrate.

Figure 4-4 shows the captured imagesnesitu optical microscope movie
recording the lateral liquid-phase crystallizatafnGeSn wire on quartz substrate
just after turning off the RTA lamps. Since theelal growth is expected to
propagate very fast within a nanosecond, long vmgrkdistance optical
microscope (WD: 100 mm) equipped with digital hggeed camera (2000 fps,
1280x1024 dots) was used for the observation. As shawiig. 4-4(b), bright
contrast region in GeSn wire moves toward the eafgwire, suggesting the
successful direct observation of lateral growthti@best of our knowledge, this
is the first report of direct observation of ligtptiase crystallization of GeSn

_ Local melting of GeSn wire Local melting of GeSn array.
Solid Liquid-GeSn .
@uartz Single- Poly-

3 crystalline crystalline
“\\\Amorphous Single Amorphous /

..

Fig. 4-3 Schematic illustrations of RTA-based local melting for GeSn wire and array on
quartz substrate. Single-crystalline GeSn array cannot be formed with this method.

68



(a) a-GeSn_ (b) In-situ observation of
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Fig. 4-4 (a) Schematic illustration and (b) in-situ observation of lateral liquid-phase
growth of GeSn wire on quartz substrate [2].

alloy. It was found that the crystallization wagtiated at the solid/liquid
interface and laterally propagated along the wiréh & growth speed of about
100 um/s. This indicates the temperature gradient atbegwire is the key for
single-crystallization. Since the local melting lwiemperature gradient would be
performed by laser scanning annealing, we have eminthe laser-induced
liquid-phase crystallization by scanning laser bedomg the GeSn wires to form
large-area GeSn array (Fig. 4-5).

Local melting based on RTA Laser scanning annealing

Poly- Laser scan

Single- crystalline D e >
crystalline | Slngle-_
Amorphous crystg

® Limited crystallization area © Large-area GeSn array
® High thermal budget © Integration-friendly &

Cross-sectionimage

\ Quartz. =/ '\ Quartz
l“Liquid-GeSn ‘"‘Single-crystalline

© 2017 IEEE
Fig. 4-5 Schematic illustrations of proposed laser-induced liquid-phase crystallization
technique [2].
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4.2.2 Fabrication Process

Figure 4-6 shows the fabrication process of singyestalline GeSn array on
a quartz substrate by laser-induced liquid-phagstallization. A 250-nm-thick
amorphous GeSn layer was deposited using a mofdoedan deposition system
and patterned into array (W/L = 5/30n with a spacing of about pm) by
CFs-based reactive ion etching. The Sn content ingideamorphous GeSn layer
was controlled to be around 2.5%. Then, after dépgsa thick SiQ capping
layer (1um) to prevent the agglomeration of GeSn, one-saser lannealing with
a continuous laserA( 532 nm, laser power: 9 W) developed at Hiroshima
university was performed to induce the liquid-phesestallization. The detail of
experimental setup for laser annealing is descriledwhere [3,4]. The laser
with an area of 1.1 mm 50um was scanned along the amorphous GeSn array at
the speed of 10Qm/s, which is the same speed to lateral liquid-phg®wth
based on RTA (Fig. 4-4).

GeSn array Quartz substrate
g
D
\—?u_’;‘\’ amorphous-GeSn depo.
"’huaﬂz (250 nm, Sn ~2.5%)

Array patterning by RIE
(W/L = 5/30 ym, Spacing: 5 um)

Si0,-capping (1 um)

Laser scanning annealing
(Continuous laser/ A =532 nm
Power: 9 W, Scan speed: 100 um/s)

Fig. 4-6 Fabrication process of single-crystalline GeSn array on quartz substrate by
laser scanning annealing.

4.2.3 Crystalline Quality and Sn content

Figure 4-7(a) shows the optical image of GeSn aafégr laser scanning
annealing. The Sn precipitation (bright contrastgios), sign of
single-crystallization, was clearly observed in émiire GeSn array similar to the
RTA case. Also, as shown in the EBSD image of Ga&uy (Fig. 4-7(b)), highly
(001)-oriented single-crystalline GeSn array wasceasfully grown on a quartz
substrate, indicating the lateral growth can beuced by laser scanning
annealing. The preferential (001) orientation woudd determined by the
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Fig. 4-7 (a) Optical and (b) EBSD images of GeSn array after laser scanning
annealing [2].
interface energy between GeSn and quartz, and stensiwith our previous
result (Fig. 2-4).

Then we investigated the crystallinity of singlgstalline GeSn wire
formed by laser scanning annealing thropgRaman measurement. Figure 4-8
shows the Raman spectra obtained from single-diipgt&seSn wire formed by
laser scanning anneal and RTA. The Raman peak d@bé&weibration mode for
GeSn wire formed by both methods shifted towardelowave number with
respect to bulk Ge wafer for same extent, whiclcaies the identical Sn content
((R%) and strain [(0.6%). Also, from the comparable full-width at half

i <— Bulk Ge A
Laser anneal | peak
"(FWHM: 4.4 cm-)i  Position 4

Intensity (a.u.)

RTA i
\(4.2 cm-t)

285 290 295 300 305 310
Raman shift ( cm™) o 2017 ieee

Fig. 4-8 Raman spectra obtained from single-crystalline GeSn wires formed by RTA
(local melting) and laser scanning annealing [2].
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maximum (FWHM) of Raman peak to that formed by RifAyas found that the
single-crystalline GeSn wire formed by laser scagrianneal has an excellent

crystalline quality.
4.2.4 Laser Scanning Speed Dependence

We have also investigated the laser scanning speeéndence on the
crystallinity and Sn content. Figure 4-9 shows diptical images of GeSn wire
after laser anneal with different scanning speedefl power: 9 W). The Sn
precipitation was observed for all samples, indngat successful
single-crystallization. Figure 4-10(a) shows therRa spectra of GeSn wire with
different laser scanning speed. The extracted FWidlkh each Raman peak was
summarized in Fig. 4-10(b). The FWHM slightly dexged with slow down the
scanning speed, suggesting the better crystalliaéitg As for the Sn content, it
was found that the Raman shift remains constarit reispect to laser scanning

10 um/s

IR

T A R
A S A NS LU G’c_{:\a;'__:s‘.u.-.’élé_.’

Fig. 4-9 optical images of GeSn wire after laser annealing with different scanning

speed. Laser power was set to 9 W for all sample.
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Fig. 4-10 (a) Raman spectra, (b) FWHM and (c) Raman shift obtained from GeSn wire
formed by laser anneal with different scanning speed.
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speed (Fig. 4-10(c)). This result indicate the Sntent was hardly changed by
the scanning speed, and it is expected that theoBtent in liquid-phase grown
GeSn is largely determined by segregation coefficad Sn in Ge. However,

further investigation is needed to control the 8Sntent.

4.2.5 Photoluminescence Study

In order to investigate the detection wavelengtigeaof single-crystalline
GeSn array,u-PL measurement was performed. Figure 4-11 showesnro
temperature PL spectra for single-crystalline Gefires formed by laser
scanning annealing. The red-shifted PL peak at\eleagth of around 1.7fpm
with respect to the direct bandgap of Ge (146% was observed, indicating a
bandgap shrinkage due to Sn incorporation andléessain. Also, significantly
enhanced PL intensity was observed compared to ®elkubstrate. This would
be due to the improved light emission efficiency disect bandgap shrinkage.
Also, by increasing the Sn content up to 5%, thekpeavelength reaches
beyond 2um. This result indicates the detection wavelengthge of GeSn
photodiode can be designed by controlling the Snterd. In the following
experiment, GeSn array with the Sn content of 2% wuged.

Energy (eV)
0.8 0.7 0.6
Gesn GeSn
(Sn 2%) (Sn 5%)

PL emission

.

| Quartz

PL intensity (a.u.)

14 1.6 1.8 2.0 2.2
Wavelength (um) © 2017 IEEE

Fig. 4-11 PL spectra obtained from GeSn wire formed by laser scanning anneal
with Sn content of 2% and 5% [2].

4.3 Single-Crystalline GeSn ip Photodiode Array

By using the laser-induced liquid-phase crystdiimg we have succeeded
in fabricating single-crystalline GeSn array onuaz substrate. Also, the PL
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study revealed that the fabricated GeSn alloy bdsaed bandgap with respect
to Ge and thus extending cut-off wavelength is etgue Therefore, we then
moved to GeSn NIR photodetector fabrication in craton with laser-induced
liquid-phase crystallization with*Hmplantation.

4.3.1 Fabrication Process

Figure 4-12 shows the fabrication process of shegystalline GeSn ip
photodiode array. A 250-nm-thick amorphous GeSrrlayas deposited on a
quartz substrate and patterned into array (W/L36 bin with a spacing of about
5 um). Then, after depositing a thick Si@apping layer (lum), one-scan laser
annealing with a scanning speed of 10®/s was performed to induce the
liquid-phase crystallization. After thinning the(aicapping layer down to 50 nm,
P* was implanted at a dose ofID" cn? and an acceleration energy of 40 keV
through a photoresist mask! nplantation was performed at one side of each
array, and the doping profile was well optimized iby-trajectory simulation
(shown in Fig. 3-17). After wet etching the Sifinplantation through mask, a
100-nm-thick field oxide was deposited and dopaciivation anneal was
performed at 500 for 5 min to form Wp junction. Finally, Al contacts to p- and
n*-regions were formed.

GeSn array formation on quartz

Laser scanning annealing
(9 W, 100 mm/s)

SiO,-cap thinning
(2 pm — 50 nm)

Photoresist mask formation

P* implantation
(2%x10%° cm-2, 40 keV)

Activation anneal
(500°C, 5 min)

Al contact formation © 2017 IEEE

Fig. 4-12 Fabrication process of single-crystalline GeSn n*/p diode array on quartz
substrate [2].
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4.3.2 Electrical Characterization

Figure 4-13(a) shows the temperature-dependenthdafacteristics of the
fabricated single-crystalline GeSn'/m diode on a quartz substrate. For a
comparison, that of poly-crystalline GeSr/m diode formed by complete
melting based on RTA was also shown in Fig. 4-12(h) contrast to the
poly-crystalline GeSnfp diode, well-behaved rectifying characteristiashva
low dark current of 16 A/cm? and an on/off ratio of fOwas obtained for the
single-crystalline GeSn*fp diode formed by laser scanning annealing at R.T
(290 K). This is sufficiently low dark current fopractical application.
Furthermore, the dark current was significantly uestl with decreasing
measurement temperature and a low dark curren0&fAlcn? with an bylos
ratio of over 1@ was achieved at 120 K, which is a record-highgrerfince and
clearly indicates the potential of liquid-phasewgnaGeSn for NIR photodetector.

Single-crystalline n_*/p diode Poly-crystalline n_*/p diode
n+
-N,: 3x1016 cm-3 A i - N,: 1x1018 cm-3
Quartz
B L e e e 10° ——
10° {< 2
S 101} 1 g®
< S
< 10° < 10
%’ -1 = 0
c 10 g 10
S 107 3
£ 210"
2 10°r s
8 10k 5 10
10'5 (a? 1 i r 1 r O 10'3 1 1
-10 05 00 05 1.0 -10 -05 00 05 1.0
Voltage (V) Voltage (V) © 2017 IEEE

Fig. 4-13 Temperature dependence of I-V characteristics for (a) single- and (b)
poly-crystalline GeSn n*/p diodes on quartz substrate [2].

In order to provide a further insight into the degodharacteristics such as
leakage current, we investigated Arrhenius plotG@Sn r/p diode (Fig. 4-14).
Since dark current is modeled by following equatiove can evaluate the
activation energy from the plot [5].

3 _Eax 4Va
Ipgrk = BT2e kT(e2kT — 1)
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Fig. 4-14 Arrhenius plot of single- and poly-crystalline GeSn n*/p diodes. Activation
energy was extracted from slope of Arrhenius plot [2].
Here,B is a constant] is the temperaturds, is the activation energy, andis
the applied voltage. In the both single- and palstalline GeSn Tip diodes,
linear correlation between dark current and tentpezawas observed. For
single-crystalline Hp diode, an activation energy is estimated to 28 @V,
which is about half of the bandgap of GeSn. On dtieer hand, that of
poly-crystalline one i$D eV, indicating the leakage current was generated
shallow defect level or metallic conduction passonk these results, we again
confirm the excellent crystalline quality of thengle-crystalline GeSn wire
formed by laser-induced liquid-phase crystallizatio
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Fig. 4-15 Benchmark of Ion/Iotf ratio as a function of dark current for single-crystalline

GeSn n*/p diode in comparison with previously reported eputaxially grown GeSn-based
diodes on Si substrate [2].
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Fig. 4-15 shows the benchmark efls ratio as a function of dark current
in comparison with the previously reported GeSrelag-i-n photodiodes. We
have succeeded in obtaining a record-highok ratio together with a very low
dark current, which is a great advantage in NIRi@tetection.

4.4 Evaluation of NIR Optical Response of GeSn*fp
Photodiode

As described in previous session, we have succe&dddbricating a
high-quality single-crystalline GeSn array on artpaubstrate by laser-induced
liquid-phase crystallization. By combining P ionglantation, high-performance
GeSn n/p diode with a record-low dark current and higHlds ratio was
demonstrated. In this session, we evaluated the NpRcal response of
fabricated GeSn “fp photodiode, and examined the first demonstratén
back-illuminated GeSn-based image sensor on azjsaostrate.

4.4.1 Front-Side llluminated Photodetection

For the evaluation of optical response of each Gk&e array with narrow
wire width (W/L = 5/30um), we developed a focused NIR laser irradiation
system equipped with visible and NIR (1550 nm a@@8@nm) light source as
shown in Fig. 4-16. The incident laser was opticalbupled to the objective
lense (18, 20x, 50x), and the photocurrent was analyzed by semiconduct

----- Camera
} ----- Imaging lens
Visible green 3
light
NIR laser N N _
(1550 nm) % “““ 3 Beam splitters
NIR laser .
(2000 nm) 7 %
i T T
Collimate lens <k Opjective lens
(10x%, 20%, 50x%)
Prober
Semiconductor
parameter
Sample analyzer

Fig. 4-16 Experimental setup for photoresponse measurement.
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V——— ?———p I
. GeSn wire

Fig. 4-17 Captured image of GeSn photodiode during optical response measurement
under visible laser irradiation.

parameter analyzer. The captured image of GeSnediding visible laser
irradiation is shown in Fig. 4-17.

The photocurrent of single-crystalline GeStipnphotodiode under NIR
illumination is shown in Fig. 4-18(a). The light svdluminated normal to the
n*/p diode array from front-side. The optical respoits NIR illumination was
clearly observed. For the image sensor applicaperformance variation in the
photodiode array is a critical issue. Thus, we alsuated the variation in diode
characteristics in the fabricated GeSn photodioteygN = 9). As shown in Fig.
4-18(b), it was found that the variation in thetbdark current and photocurrent
are within one order of magnitude. This performanaiation would be
acceptable but further improvement is required thar practical image sensor
application, which can be achieved by optimizingelaannealing conditions.
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Fig. 4-18 (a) optical response of front-side illuminated GeSn n*/p photodiode (A = 1550
nm). (b) Performance variation of GeSn n*/p photodiodes (n=9) [2].

4.4.2 Back-Side llluminated Photodetection

As mentioned before, since a quartz has a higrspaency to NIR light
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(over 90%), highly-efficient back-side illuminat&dR photodetection would be
achieved by GeSn photodiode array fabricated oruatz substrate. In this
session, we evaluated the NIR optical responsee8n&i/p photodiode on a
quartz substrate under back-side illumination.

For the back-illuminated experiment, the sample wased upside down
and bonded to the stage for the photocurrent meamnt. The photocurrent
under back-side illumination with a wavelength 86@ nm was shown in Fig.
4-19. It was found that the photocurrent under kmdk illumination is one order
of magnitude higher than that under front-sidemiliniation, and the photocurrent
reached almost comparable to the forward curreherd are several possible
reasons for this increasing photocurrent. Firstlewrthe front-side illumination, a
part of laser was blocked by Al electrodes andcéffe input laser power would
be reduced compared to the back-side illuminati®acond, in the case of
back-side illumination, some stray light is induceepending on the sample
structure such as reflection or scattering of tipaut laser at Al electrodes, which
would attributed to generating the photocurrensoAlas shown in Fig. 4-20, the
photocurrent depends on the input laser power, lwidgca clear evidence of
normal operation of photodiodes.

103 v ) v ) v )
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illumination
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Fig. 4-19 optical response of back-illuminated GeSn n*/p photodiode (A\ = 1550 nm).
Enhanced photocurrent was observed [2].
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Fig. 4-20 Input laser power dependence on photocurrent of GeSn n*/p diode under
front- and back-side illumination.

4.4.3 Extraction of Optical Responsivity

Then we evaluated the performance of fabricated nGel$otodiode by
extracting the optical responsivity, which is apuhto output gain and expressed
by following simple equation:

R=1/P
Here,R is the responsivityl is the generated photocurrent, dds the input
laser power. From the laser power dependent I-\fadheristics (Fig. 4-21(a)),
optical responsivity at 1550 nm was extracted asvshin Fig. 4-21(b). A high
responsivity of 1.3 A/W was obtained.
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Fig. 4-21 (a) Input laser power dependent I-V characteristics and (b) extracted
responsivity of GeSn n*/p photodiode measured under back-side illumination of
1550-nm-wavelength laser [2].
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From the following equation, quantum efficiencycfotent photon to converted

photogenerated carrier ratio) was also calculatedfaund to be around 100%.
QF = R x 1240/A

Although there is a possibility of slight overesdition of the input laser power

due to reflected or scattered stray light at theelgttrodes, these results clearly

indicated the advantage of fabricated tensile-atchiGeSn photodiode.

Figure 4-22 shows the benchmark of responsivithatvavelength of 1550
nm in comparison with the previously reported Gé&8sed photodiodes
fabricated on Si substrate. In this work, a redogh responsivity of 1.3 A/W
was achieved, which would be due to the enhancsdrption efficiency and an
excellent crystalline quality compared to the epéhy-grown GeSn layers.
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Fig. 4-22 Benchmark of responsivity at a wavelength of 1550 nm for GeSn-based n*/p
photodiodes [2].

4.4.4 Optical Response in Am Wavelength Range

We further investigated the optical response inZlpen wavelength range.
In order to investigate the effect of Sn alloyingdatensile strain on cut-off
wavelength, Ge control n+/p diode was also fabedabn a commercially
available unstrained GeOl wafer. Figure 4-23(a)wshdhe time-dependent
photocurrent under periodic 2000-nm-wavelengthrlakemination for GeSn
n*/p diode together with control bulk Ge&/p diode. Significantly enhanced
photocurrent and clear optical response were obddiar GeSn diode. Also, as
shown in Fig. 4-23(b), the photocurrent for GeSoddi linearly increases with
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Fig. 4-23 (a) Time-dependent optical response under periodic 2000-nm-laser
irradiation. (b) Laser power dependence on photocurrent for GeSn and Ge n*/p
photodiode [2].

increasing the input laser power, despite a ndgégiesponse for the Ge diode.
These results clearly indicate the cut-off wavetbngf GeSn diode is extended
to beyond 2um owing to Sn alloying and tensile strain. FurtbBehancement in
photoresponse would be achieved by increasing theo&tent up to 5% (Fig.
4-11).

This is the first demonstration of single-crystaliGeSn photodiode array
integrated on a transparent substrate which caveravelength beyond gm,
and the laser-induced liquid-phase crystallizationll enable back-side
illuminated NIR image sensor on a quartz substrate.

4.5 Summary

In order to enable fully-integrated GeSn-based MitRRger chip, a novel
liquid-phase crystallization method was develop&y. utilizing the laser
scanning annealing, a large-area single-crystalBe&n array was successfully
formed on a quartz substrate with high-integrityd diow thermal budget.
GeSn-based “fp photodiode array was also fabricated by perfogmP
implantation and NIR optical response were studhedetail. Thanks to the high
transparency of quartz substrate to NIR light, Ggfhwtodiode on quartz
substrate can be operated under back-side NIRifaton, and it exhibited a
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record-high responsivity owing to a very low datkrent.

As described in chapter 3 and chapter 4, we haseegded in fabricating a
high-mobility CMOS and high-performance NIR photwdk integrated on a
quartz substrate based on a liquid-phase grown Ga&agm. This technology
provides an ideal platform for group-IV-based mathatally-integrated NIR
imager chip.
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Chapter 5 Conclusions

The aim of this study is to provide an advanced ahtincally-integrated
group-1V-based optoelectronic platform that is etpd as a promising
post-scaling technology. For this purpose, we dmed a novel crystal growth
method of GeSn layer on insulators based on ligh@se crystallization, and
demonstrated GeSn-based high-mobility CMOS andqgpinotdevices integrated
on a quartz substrate. The main achievements of ghidy are summarized
below:

Due to the lack of suitable crystal growth methé&eSn layer, fabrication
of high-quality GeSn layer is strongly desired foe monolithic optoelectronic
integration. In the chapter 1, we proposed a nawethod of forming a
high-quality single-crystalline GeSn wire on a dmasubstrate based on the
lateral liquid-phase crystallization. By controtlira nucleation by local melting
process, lateral growth propagated along the Ganwithout using any crystal
template such as Si substrate, and a defect-finggestrystalline GeSn wire was
successfully grown on a quartz substrate. Due @éddlge difference in thermal
expansion coefficient between GeSn and quartzjléessain as high as 0.6%
was induced in the liquid-phase grown GeSn, whicbmotes the bandgap
modulation of GeSn and is great advantage for ¢gttrenic applications. Since
the undoped GeSn wire is p-type due to the accdigtopoint defects in GeSn,
n-type GeSn layer was fabricated by liquid-phassvgt of Sb-doped GeSn wire.
It was found that the Sb incorporation hardly affé® liquid-phase growth of
GeSn, and the Sb-doped GeSn wire has an excellgstaline quality
comparable to the p-type GeSn layer. From the éfédict measurement, carrier
concentration for both p- and n-type single-crystalGeSn wires were found to
be lower than 18 cn1?, indicating an excellent crystalline quality anavimg a
great advantage in electronic and photonic devateid¢ation.. The presented
work in this chapter, single-crystalline undope®G@eSn and Sb-doped n-GeSn
wires, will provide an ideal platform for GeSn-bds®toelectronic integration.

In the chapter 2, we demonstrated both p- and nreHaGeSn thin-film
transistors based on undoped p-type and Sb-dopggpenliquid-phase grown
GeSn wires, respectively. A successful p- and mielktransistor operation was

85



obtained for fabricated accumulation-mode TFT. Ailthh a record-high hole
mobility of 423 cni/Vs was achieved for the undoped p-FET, it was dotivat
the electron mobility in Sb-doped n-FET is severatyited by high parasitic
resistance at S/D region due to the FLP effect.iniprove the n-channel
transistor performance, we examined heavy n-tygengoby P ion implantation.
An inversion-mode GeSn n-channel TFT with dfprunction was fabricated,
and a well rectifying behavior with on/off ratio ®6* and a record-high electron
mobility of 271 cni/Vs was obtained, which clearly indicates the reducontact
resistance by heavy n-type doping. This is the éesnonstration of GeSn-based
p- and n-channel TFTs fabricated on a transparebstsate that outperforms
previously reported Ge or Si-based TFT.

Finally, in order to enable GeSn-based optoeleatramegrated device,
high-performance GeSn photodiode was demonstrhatedis chapter, we further
developed the liquid-phase crystallization methodptovide single-crystalline
GeSn array for NIR imager chip. By utilizing theséa scanning annealing, a
large-area single-crystalline GeSn array was ssbads formed on a quartz
substrate with high-integrity and low thermal budgBy performing P ion
implantation, single-crystalline GeSr/m photodiode array was fabricated on a
quartz substrate. From the optical characterizatimuid-phase grown GeSn
array has extending cut-off wavelength beyon@dn2, and thanks to the high
transparency of quartz substrate to NIR light, ificemtly enhanced optical
response was observed under back-side NIR illuminaf he extracted optical
responsivity at 1550 nm was 1.3 A/W, which is relchigh responsivity reported
so far. The present GeSn-based photodiode is daquiggration friendly and
three-dimensional stackable, and thus enabling iNi&ger chip integrated with
high-mobility GeSn CMOS circuit.

In summary, we developed an advanced single-chystalGeSn platform
based on the novel nucleation-controlled liquidggha crystallization.
High-quality p- and n-type single-crystalline Gel@pers were formed on quartz
substrate, and GeSn p- and n-channel TFTs withraddugh mobility was
demonstrated for the first time. Moreover, by atilg laser scanning annealing,
large-area single-crystalline GeSn array was growra quartz substrate, and
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GeSn photodiode that is competing with direct bapddl-V-based devices are
demonstrated. The fabricated GeSn-based CMOS aotbrpb device can be
easily integrated on a single-chip, which is a psamg optoelectronic platform.
The present GeSn-based technology opens a way uby-iritegrated
group-1V-based optoelectronic integration in thetgecaling era.
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