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1 Introduction
1.1 Introduction of CMOS technology
The metal-oxide-semiconductor field-effect transistor (MOSFET) is the most
important device for ultra-large scale integrated circuit (ULSI) such as
microprocessors, memory chips and telecommunications microcircuits [1]. A
basic schematic diagram [2] of a MOSFET is shown in Figure 1.1. This device is
composed of gate, source and drain regions. The gate is a stack structure of a
metal electrode on an insulator layer. The source and drain regions, separated by a
channel region of p-type semiconductor, are implanted into n-type semiconductor
for the case of n-channel MOSFET. As for the p-channel MOSFET, the type of
doping is opposite to that of n-channel MOSFET, namely, the source/drain region
and channel region have been doped as p- and n-type semiconductor, respectively.
The basic device parameters are the channel length L, which is the distance
between the metallurgical n-p junctions; the channel width Z; the insulator
thickness d; the junction depth rj; and the substrate doping concentration NA.
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Figure 1.1 Schematic diagram of a MOSFET.
Considering the n-channel MOSFET, there is no current flowing from source
to drain except small leakage current when no voltage is applied to the gate,
because of the n-p-n junction structure, and the transistor is turned off. In this
state, the gate operates as an open switch. When a large enough positive bias is
applied to the gate, the p-type channel region is inverted as n-type semiconductor,
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which connects the source and drain region. Hence, there is a large current
flowing from source to drain, and the transistor is turned on, so the gate behaves
as a closed switch in this condition. Note that the critical gate bias driving the
channel region start to turn on is called the threshold voltage VTH, which is also an
important device parameter for circuit design.
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Figure 1.2 (left figure) Schematic diagrams of a CMOS inverter.
Figure 1.3 (right figure) Voltage transfer characteristics of the CMOS inverter.
To demonstrate how MOSFET operates in practical integrated circuit (IC), a
complementary metal oxide semiconductor (CMOS) inverter logic circuit [3] is
taken for an example, where the typical CMOS is often composed by
complementary and symmetrical pairs of p- and n-channel MOSFETs. Figure 1.2
shows the schematic diagram of the CMOS inverter. A p-channel MOSFET is
connected with another n-channel MOSFET in series, both gates are connected to
the input line Vin, while both of the drains are connected by output line Vout. Figure
1.3 shows the voltage transfer characteristics of the CMOS inverter. When Vin is
in high state, Vin ≈ VDD, the voltage between gate and substrate of the p-channel
MOSFET is nearly zero, and the transistor is turned off. As for the n-channel
MOSFET, the gate-substrate voltage is VDD, so the transistor is turned on. That
means, the output terminal is connected to ground, thus, VDD is zero. Analogically,
when Vin is in low state, the output terminal is in a high state, Vout ≈ VDD, since the
p-channel MOSFET is turned on while n-channel MOSFET is turned off.
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1.2 Challenges of future high performance MOSFETs
As the information and communication technology rapidly develops, the
personal computer (PC)-centric system integration has shifted to the
multifunctional integration in a limited space [4], e.g., the computational and
global position system functions have been combined into cell phone. This
multifunction integration in a limited space drives the IC designer to consider the
performance, cost of microelectronic products, and power consumption, which are
associated with the switching speed, integration density, and supply voltage,
respectively. The conventional and effective way to achieve high speed, low
power consumption, and high integration, is shrinking the size of MOSFET by
reducing the gate dielectric thickness, reducing the gate length, and increasing the
channel doping concentration. Dennard et al. [5] summarize the benefits from
scaling, it is demonstrated that scaling the device by a factor ҡ increases the
switching speed by ҡ, increases the density of device by ҡ2, reduces the power
dissipation by ҡ2 and improves the power-delay product by ҡ3, which implies a
reduction in supply voltage by ҡ, as well as a reduction in the threshold voltage by
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Figure 1.4 The evolution of the density of transistor in microprocessors [7].
Thanks to these conventional ways, the scaling of MOSFET has been
achieved to sub-nanometer technology, and successfully sustains Moore’s law [6]
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in the past 48 years, which predicts the density of transistor on an integrated
circuit doubles in every 18 – 24 months, as shown in Figure 1.4 [7]. However, as
the scaling proceeds deeper and deeper, e.g., the gate length approaches to
approximately 10 nm in 2020 predicted by international technology roadmap for
semiconductors (ITRS) [8], the Dennard’s law becomes invalid, and the
conventional scaling ways is no longer effective to improve the performance of
device, to increase the density of integration, and to reduce the power
consumption, because scaling technology faces numerous significant challenges,
such as the gate leakage current, short-channel effect, and high parasitic
resistance, etc.

1.2.1 Challenges of scaling gate stack
Generally, the saturation drain current I Dsat of MOSFET is approximately
expressed by the Equation (1.1) [9, 10]
∝

(1.1)

where the ε is the permittivity of the insulator, μ is the carrier mobility, Vg is the
gate voltage, VTH is the threshold voltage, and the other parameters are shown in
Figure 1.1. By inspection of this equation, one of the effective ways to obtain a
large drain current is by using an insulator material with a high permittivity, or
reducing the equivalent gate oxide thickness (EOT).
The reduction of EOT has been accomplished by introduction of the high
permittivity (high-ҡ) dielectric material, and the high-ҡ dielectric insulator, like
HfSiOx, HfSiONx, has been used in semiconductor industry since 2008 [11].
However, further reduction of the EOT still needs further investigation or study.
One challenge is about controlling the crystalline structure and orientation of
ultra-thin high-ҡ insulator to increase its permittivity. Another issue is the gate
tunneling current, a by-product of scaling the gate stack. The tunneling current
density JT is described by the equation (1.2),
∝ exp

√

∗

∙∆ ∙

(1.2)

where α is the polarizability of crystal of high-ҡ materials in per unit volume, m*
is the effective mass of carrier in high-ҡ material, and ΔE is the energy band offset
of the conduction or valence band between the insulator layer and the substrate
(ΔEc or ΔEv), respectively. This equation presents some rules for the selection of
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proper high-ҡ material with small leakage current: First one is to find a high-ҡ
material with small band offsets of ΔEc and ΔEv between the high-ҡ material
insulator and substrate. Second one is to adopt the high-ҡ material with small
effective masses of carrier.

1.2.2 Challenges of scaling channel length
For a given channel doping concentration, as the channel length is reduced to
certain magnitude, the depletion regions of source and drain junctions located at
both sides of the gate could not be ignored like we treat the case of long-channel
MOSFET, since the widths of depletion regions of source and drain junctions
become comparable to channel length. As a result, the potential in the channel
region is not controlled solely by gate voltage any more, but also additionally
influenced by the drain voltage. To some extent, the gate loss the switch-like
function. This departure from the case of long-channel MOSFET induced by
short-channel is called short-channel effect [10, 12].

Gate
Source

Drain
Depletion region of drain

Figure 1.5 Schematic diagram of DIBL.
As mentioned previously, it is expected that the gate length will approach to
approximately 10 nm in 2020. In other words, the distance between source and
drain will be of the order of several nanometers, equivalent to the length of tens of
series unit cells of silicon. In this case, the issue of short-channel effect will
become even more prominent, and this effect is embodied by the drain-induced
barrier lowing (DIBL), a degradation of subthreshold slope, and increasing of
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leakage current. The schematic diagram of DIBL is shown in Figure 1.5, when the
drain voltage increases, the depletion region of drain or source (not shown in the
schematic diagram) extends laterally in carrier transport direction, namely, the
effective channel length becomes shorter compared with the physical channel
length, which gives rise on the decrease of the threshold voltage. In the term of
leakage current, when the electrical field is increased to certain value, the carrier
multiplication near the drain will occur, thus, a leakage current will flow through
the substrate.

1.2.3 Challenges of scaling source and drain
Source and drain, often connecting to other devices through a metal wire,
play a great role of transmissing the signal, e.g., the output voltage VDD in Figure
1.2. To guarantee the success of signal transmission, the parasitic resistance of
MOSFET is required to be small, because the output signal would be degraded, or
distorted in extreme case if the parasitic resistance is over the tolerable limit.
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RS: Spreading resistance
Rch: Channel resistance
Figure 1.6 Equivalent circuit of parasitic resistance in CMOS.
The detail equivalent circuit is illustrated in Figure 1.6. The main
components of parasitic resistance RSD include contact resistance RC at the
metal/heavily doped source or drain interface and spreading resistance RS.
Another resistance is channel resistance Rch. With the scaling of technology node,
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the channel resistance Rch decreases due to the continuous scaling of channel
length. Whereas, the parasitic resistance RSD (except the channel resistance Rch)
increases accompanied with shrink of contact area. Since the technology
approaches to 32 nm, the major contributor to the total resistance of CMOS has
been changed from Rch to RSD, as shown in Figure 1.7. Among the parasitic
resistances, one of the main components is contact resistance RC. Therefore, in
order to guarantee the total RSD within a tolerable limit, it is imperative to reduce
RC. Taking the 16-nm technology node for example, the maximum value of RC is
required to be approximately 2.2×10-8 Ω· cm2 [13].
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Figure 1.7 The evolution of channel resistance and parasitic external resistance
with the scaling of device dimension [14].
The specific contact resistance is generally given by the derivative of current
density with respect to voltage:
(1.3)
where J is the current density, V is the applied voltage. Considering the
metal/semiconductor contacts with moderately doping concentrations, the
thermionic emission current dominates in this case. Therefore, the contact
resistance could be described by equation (1.4)
∗

exp

(1.4)

where k is the Boltzmann constant, q is the elementary charge, A* is the effective
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Richardson constant, T is the temperature, and ΦBn is the Schottky barrier height
(SBH). This equation reveals that the contact resistance RC is an exponential
function of SBH ΦBn. Thus, one of the ways to reduce the contact resistance RC is
to reduce the SBH ΦBn, which will be discussed in the next section in detail.
Considering the metal-semiconductor with heavily doped source/drain, the
tunneling current, instead of thermionic emission current, will dominate the
current flow, and the contact resistance RC has the form:

R C ~ exp
where

≡

ħ
ϵs m*

qΦBn
E00

exp

2 ϵs m*
ħ

ΦBn
ND

(1.5)

, ϵs is the permittivity of the semiconductor, m* is the

effective mass of semiconductor, ħ is Planck’s constant, and the ND is doping
concentration. This equation indicates that the contact resistance RC quit depends
on the doping concentration ND, besides the SBH ΦBn. Therefore, another way to
control the contact resistance RC within a tolerable limit is heavy doping of
Source/Drain. However, this method faces some challenges, like the difficulty in
forming very shallow and heavily doped source/drain junction.

1.3 Schottky barrier height
As mentioned in the last section, SBH is one of the key factors determining
the contact resistance. In physics, a Schottky barrier is a potential energy barrier at
a metal/semiconductor interface, only those carriers with the energy above this
potential energy barrier could transport across this interface, hence contribute to
the current flow. In this section, we discuss about the formation of SBH in ideal
condition by considering the energy band diagram alignment of metal and
semiconductor. And the deviation from this ideal Schottky model in practical
experiment, named as Fermi level pinning (FLP), is also introduced. Finally,
various methods proposed for alleviating FLP are reviewed.

1.3.1 Formation of Schottky barrier
Figure 1.8 (a) shows the energy band diagram of a metal and an n-type
semiconductor when they are isolated from each other. The metal is defined by its
work function ΦM. Semiconductor is specified by its electron affinity χs, work
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function ΦS, and energy band gap Eg = Ec - Ev. All of these parameters are
referenced to a same vacuum level EVAC.
When metal and semiconductor are brought intimately, or connected by a
wire, electron will diffuse from semiconductor to metal due to the higher Fermi
level (EFS) of semiconductor than that (EFM) of metal, as denoted by the solid leftgoing arrow in Figure 1.8(a). Meanwhile, the positive charges will become
obvious in the semiconductor side due to the leaving away of electrons from the
ionized donor. In turn, those ionized donor will creates a negative field, which will
lower the Fermi level of semiconductor at the depletion region and drift the
electrons back to semiconductor. In the beginning, there is a net transport of
electron from semiconductor to metal because the diffusion amount is larger than
the drift amount. Gradually, the diffusion amount will decrease and drift amount
will increase due to the lowering of Fermi level of semiconductor and increase of
the negative field, respectively. Finally, the diffusion amount will equal to drift
amount, and the net transport of electron from semiconductor to metal becomes
zero, namely, the thermal equilibrium is established.

(a)

(b)
EVAC

EVAC
qM

qS
⃝
─

EFM

EVAC

qS

EC
EFS

qФBn

EFM

EVAC
ϕs E
C
EFS
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Metal

Semiconductor

Metal

EV
Semiconductor

Figure 1.8 Energy band diagram of a metal and an n-type semiconductor: (a)
metal and semiconductor is isolated; (b) metal is made intimate contact with
semiconductor.
In this equilibrium state, the Fermi level of semiconductor and metal aligns
up, which implies that the Fermi level of semiconductor is lowered by an amount
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equal to the difference between the Fermi level of semiconductor and metal. The
corresponding band diagram is shown in Figure 1.8 (b). Based on this band
diagram, the built-in potential φs of semiconductor and the SBH ΦBn at the
interface of metal/semiconductor could be derived,
∅
∅

∅

∅

(1.6)
(1.7)

The SBH is simply determined by the difference between the work function of
metal and electron affinity of semiconductor, which was proposed and devised by
Schottky and Mott [15, 16]. This Schottky-Mott theory implies that it is possible
to obtain a low resistivity contact by choosing an appropriate metal with a
comparably low work function to the electron affinity of semiconductor. For the
ideal metal/p-type semiconductor, the SBH ΦBp could be derived similarly with
the metal/n-type semiconductor case,
∅

∅

(1.8)

Combining equation (1.7) and (1.8), it is easy to find that the sum of ΦBn and ΦBp
is equal to the band gap of semiconductor for any metals on a given
semiconductor, as given by Equation (1.9).
∅

∅

(1.9)

1.3.2 Fermi level pinning
As discussed in the last section for ideal Schottky-Mott theory, the SBH has a
linear relationship with the work function of metal. However, in practical
experiment, the SBH exhibits a weaker dependence on the work function of metal
than that is described in Schottky-Mott theory. Figure 1.9 is the summary of the
SBHs of various metal/n-type Ge contacts as a function of the work function of
those metals [17-31], those SBHs deviate from the Schottky-Mott theory, as
indicated by the deviation of fitted solid line from the dash line (Schottky-Mott
limit, Equation (1.6)), although by and large metals with larger work functions
show systematically higher SBH than those with lower work functions. This
phenomenon is often described by FLP: the Fermi level at the interface of metal
and semiconductor is actually pinned at the charge neutrality level (CNL), which
is close to the valence band of semiconductor. Thus, the SBH is determined by the
energy level of CNL, and becomes little dependent on the work function of metal.
- 10 -
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Figure 1.9 Summary of SBHs of various metal/n-type Ge contacts as a function of
the metal work functions [17-31].
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Figure 1.10 Energy band diagram of a metal/n-type semiconductor contact
considering the interface states with the energy level in the forbidden band gap of
the semiconductor.
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Next, we demonstrate the weak dependence of SBH on the work function by
the FLP in detail [32, 33]. Figure 1.10 shows the energy band diagram of a
metal/semiconductor contact considering the interface states with the energy level
at the forbidden bandgap of the semiconductor (the detail of those interface states
will be discussed later). Those interface states are assumed to be acceptor surface
states, have a constant density of states Ds, and the CNL is at qΦ0 referenced to the
valence band Ev. The net charge Qss in the continuum of interface states is given
by
∅

∅

(1.10)

The space charge Qsc that forms in the depletion layer of the semiconductor is
given by
2

(1.11)

where Vbi is the energy band bending of semiconductor. The charge neutrality in
the system of metal/semiconductor contact requires that the charge QM in the
metal side is balanced by sum of Qss + Qsc in the interface states and a space
charge layer in the semiconductor side, thus QM can be written as
(1.12)
The net charge in the interface states can be treated as an electric double layer, this
double layer has a thickness of a few angstroms and will therefore be transparent
to electrons. It has to note that the width of the double layer and that of depletion
layer in the semiconductor side are not drawn to scale in Figure 1.10. The
potential ∆ across the double layer can be obtained by the application of Gauss’s
law to the charge residing on the metal side,
∆

(1.13)

where εi is the permittivity of the double layer, and δ is its width. On the other
hand, the Fermi level is constant through the system of metal/semiconductor in
thermal equilibrium state, thus, inspecting the energy band diagram of Figure
1.10, the potential ∆ could be obtained in other form
∆



∅

∅

(1.14)

Combining Equation (1.10) - (1.14), we obtain
∅



∅

∅

∅



∅

∅
(1.15)
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To simplify the solution of Equation (1.15), we define
≡

(1.16a)

≡

(1.16b)

The solution of Equation (1.15) could be written as
∅
∅



∅



1

1

∅
∅

∅



(1.17)

Since the {} term in Equation (1.17) is as small as 0.04 V, we could neglect the {}
term, and the solution (1.17) is simplified as
∅



∅

1

∅

(1.18)

Considering two limiting condition, the physical mean of Equation (1.18) is
easily understood:
(a) When Ds → ∞, from Equation (1.16b), we have

→ 0, then Equation

(1.18) is transformed as
∅

∅

(1.19a)

In this condition, the SBH is entirely determined by the CNL of interface
states at the surface of semiconductor, and independent on the work
function of metal. In other words, the Fermi level at the interface is
completely pinned at the CNL with the energy level qΦ0 above the valence
band Ev of semiconductor.
(b) When Ds → 0, from Equation (1.16b), we have

→ 1, then Equation

(1.18) is transformed as
∅

∅



(1.19b)

In this case, Equation (1.18) is transformed back to the ideal SchottkyMott law, namely, the SBH is determined by the work function of metal,
and the FLP does not occur in this limit condition.

1.3.3 The origin of Fermi level pinning
Although the origin of FLP has been investigated for many decades, it has
not yet been understood in detail, and still remains a debate. Many researchers
attributed this FLP to the defects existing at the interface of metal/semiconductor
- 13 -

[34, 35], however, the detail about the defects, including the type of defects (e.g.,
point defect, dislocation), the amount of the defects, needs to be further
investigated. There is also another viewpoint that the polarized chemical bonds at
the metal/semiconductor interface, as well as the inhomogeneity of polycrystalline
contacts have the responsibility of FLP [36]. Note that those factors causing FLP,
as mentioned above, is extrinsic, which implies that the FLP is adjustable by
controlling the type and amount of defects.
Heine [37] pointed out that, due to the overlap of the conduction band of
metal with the forbidden gap of semiconductor range from the top of the valence
band to the Fermi level, the metal wavefunctions will decay into the forbidden gap
of the semiconductor, thus, so called metal induced gap states (MIGS) are
introduced within the forbidden gap of semiconductor near the interface of
metal/semiconductor. In turn, those MIGS will pin the Fermi level of
semiconductor to the energy level of MIGS, which results into the independence
of SBH on the work function of metal. We also have to note that this viewpoint
implies that these MIGS are intrinsic property of the semiconductor, which is
hardly controllable.
To understand MIGS in detail, such as the density of states and the energy
level, we consider a nearly free electron in a linear, one dimensional lattice [38].
The periodic potential is assumed to have the form
2 cos

(1.20)

where g1 = 2π/a is the shortest vector of the reciprocal lattice, a is the lattice
parameter, and V1 is Fourier coefficient of the potential. And the wavefunctions
may be approximated by the first two terms of Fourier expansion,
exp

exp

(1.21)

Substituting Equation (1.20) and (1.21) into Schrodinger’s equation, we obtain the
secular equation
/2

0

/2

(1.22)

Solving Equation (1.22) by considering the edge of the Brillouin zone, k = π/a-ĸ,
we obtain the energy dispersion,
ĸ
where

ĸ
/2

4

ĸ

(1.23a)

/2 , thus the well-known energy band structure could
- 14 -

be drawn based on Equation (1.23), as shown in Figure 1.11. Two allowed bands
are separated by an energy gap Eg whose magnitude is 2|V1|.
8
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Figure 1.11 A typical energy band structure calculated by using the real
wavevector k= π/a-ĸ and complex wavevector k= π/a+iq for the bulk and surface
cases, respectively.
Since the energy W(ĸ) is a function of ĸ2, both real wavevector and complex
wavevector are permitted. However, only real wavevector is reasonable for bulk
case because complex wavevector would result in the unnormalized Bloch waves
(see Equation (1.21)). Whereas, a complex wavevector is suitable for surface case,
imaging that a periodic wavefunction exponentially decays from the surface to
semiconductor and has an exponential tail into vacuum, such wavefunctions could
be normalized, thus could represent electrons bound to the surface. Therefore,
electronic surface states at the end of a finite one-dimensional solid will have
complex wavevectors.
By using the complex wavevector, k = π/a - q, the solution of Equation (1.22)
is given by
4

q

q

(1.23b)

The energy W(q) as a function of imaginary part q is shown in Figure 1.11. This
complex band structure has an energy loop across the energy gap of the two bulk
bands at the edge of the Brillouin zone. Here, we have to note that when the
/4

imaginary q meets the condition
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, the contributions from

both bands are equal in magnitude, the energy level Wbp of this point, which is
called branch point [39], as marked in Figure 1.11, is an important parameter to
evaluate the energy level where the Fermi level is pinned in the forbidden gap of
semiconductor. Another important parameter is the imaginary part q, since the
inverse of q is the decay length of the respective wavefunction penetrating into the
linear chain, or semiconductor.
Substituting the complex wavevector k = π/a - q into the secular equation
(1.22), the ratio A/B is equal to exp(i2φ), where the phase factor φ is determined
by the imaginary part q
sin

(1.24)

Finally, we could write the wavefunction by the parameters, φ, q, A, and B
exp
exp

exp

π

π

exp

cos

(1.25)

Where A' is a constant.
Next, based on these solutions of Schrodinger’s equation, the density of
states is expressed [40],
2
Since at the branch point

(1.26a)

has the maximum value

/4

, so the

density of states is approximated by
≅ 2

W

/

(1.26b)

By inspection of Equation (1.26b), the density of states varies ∩-shaped across the
band gap of semiconductor.
This viewpoint is consistent with the theoretical calculation of the local
density of states (LDOS) near the interface of Al/Si junction using a jellium
density corresponding to Al and self-consistent Si pseudopotentials by Louie and
Cohen [41]. As shown in Figure 1.12, each of the regions has a width of 0.314
nm, which is the distance between adjacent Si double layers in the [111] direction.
Regions I - III correspond to the bulk-like LDOS of metal, while regions V and VI
correspond to the bulk-like LDOS of Si. The most interesting is that an additional
state Sk is found near the interface of Al/Si on the Si side by comparison of the
calculated LDOS with the bulk-like LDOS of Si (indicated by the dash line), as
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shown in region IV. Furthermore, those additional states exhibit a ∩-shaped
energy distribution and exponentially decay into the Si. These features resemble
the characteristics of MIGS.

Figure 1.12 Local density of states at the interface of Al/Si junction calculated by
a jellium-semiconductor model [41].
Next, we compare the degree of FLP for various materials by summarizing
the branch point energy, tailing length, and densities of states of MIGS of each
material, as shown in Table 1.1. Among those materials, the Fermi level of Ge is
pinned much closer to the valence band by comparison of the relative branch
point with that of other materials. On the other hand, the tailing length of
wavefunction nearly has no difference for various materials.
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Table 1.1 Branch point energies, tailing lengths, and densities of states of MIGS.
Semiconductor

Branch point energy
[eV]
Wbp - Ev

Tailing length
[nm]
1/2q

Densities of state
-2
-1
[cm eV ]
14
Ds×10

Si

0.36 [42]

0.3 [42, 43]

4.5 [44]

Ge

0.17 [45]

0.4 [42]

-

GaAs

0.5 [46]

0.3 [42]

5.0 [44]

0.55 [47]

0.28 [44]

-

1.3.4 The ways to alleviate Fermi level pinning
So far, various methods have been proposed to alleviate, or completely
remove FLP for the practical application of n-channel Ge MOSFET. One of the
main methods is by inserting an ultra-thin (approximately, 0.7-2 nm-thick)
insulator layer between the metal and semiconductor, which could be explained by
MIGS model. The insulator layers, such as GeOx [48], Al2O3 [49], Ge3N4 [50], and
SiN [51], play a role of shield to prevent the penetration of electron wavefunction
of metal into semiconductor, thus the FLP effect becomes weak, and an Ohmic
contact could be obtained on n-type semiconductor by choosing metals with low
work function, while the rectifying characteristics still remains for the metal with
high work function. For example, Cr/Ge3N4/n-type Ge contact exhibits an Ohmic
characteristics, additionally, the rectifying characteristics is observed for
Cr/Ge3N4/p-type Ge, which further proves that the FLP is alleviated by insertion
of the interfacial layer.
However, an undesired dipole, at the Ge3N4/Ge interface, or at the
metal/Ge3N4 interface, may be induced by the insertion of Ge3N4 insulator, since
the SBH of Cr/Ge3N4/n-type Ge is a little higher than the value expected by the
difference between the work function of Cr and the electron affinity of Ge
substrate. On the other hand, the insertion of insulator would extra increase the
sheet resistance, which might prohibit the application of this method into the
contact technology. Take Al/SiN/Ge contact as an example, the lowest contact
resistance obtained in an optimized condition is approximately 0.01 Ω·cm2, this
value is more than six orders of magnitude higher than the requirement of the 16
- 18 -

nm technology, as mentioned in the section 1.2.3.
The second method to obtain low contact resistivity is by heavily doping [20,
52-55]. Generally, a thin layer with high impurity in semiconductor is prepared to
form a very thin depletion region, this thin depletion region could give rise to a
large tunneling current, thus the contact resistance could be reduced. However,
this method just bypasses the FLP effect, the SBH is still high, so the reduction of
the contact resistance by heavily doping is limited. In addition, the heavily doping
also faces some challenges, such as the difficulty of the fabrication of the shallow
doping layer due to the low solubility and high diffusion coefficient of dopant in
Ge, especially the n-type one.
Table 1.2 Reduction of SBH by controlling crystalline structures of metal layer.
Metal/Ge

Crystalline structure

SBH (eV)

Mn/Ge(111) [56]

Epi. Mn5Ge3(001)//Ge(111)

0.43

Mn/Ge(001) [56]

Poly. Mn5Ge3

0.56

Fe/Ge(111) [57]

Epi. Fe3Si(111)//Ge(111)

0.46

Fe/Ge(001) [57]

Poly. Fe3Si

0.56

Recently, some works [56, 57] show that epitaxial metal/semiconductor
contact

has

lower

SBH

compared

with

that

of

polycrystalline

metal/semiconductor, the detail is summarized in Table 1.2. In the case of Mn/Ge
system, the SBH of polycrystalline Mn5Ge3/n-type Ge(111) contact is estimated to
be 0.56 eV by current density-voltage characteristics, while the epitaxial
Mn5Ge3(001)/n-type Ge(111) contact has a SBH, approximately 0.13 eV lower
than that of polycrystalline Mn5Ge3/n-type Ge(111) contact. Similar to Mn5Ge3/ntype Ge system, Fe3Si/n-type Ge(111) system also shows the reduction of SBH by
controlling the crystalline structures of the metal layer. Basically, this reduction of
SBH is considered as the Fermi level depinning due to the reduction of the defects
at the interface between metal and semiconductor by epitaxial formation.
Generally,

there

are

fewer

defects

at

the

interface

of

epitaxial

metal/semiconductor, compared with that of polycrystalline metal/semiconductor,
because epitaxial metal/semiconductor has a good atomic matching at its
interface, whereas, at the interface of polycrystalline meta/semiconductor, the
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atomic arrangement is disorder due to the grain boundary and random orientation
of each grain, thus at this disordered interface are many defects, such as point
defect, dislocation, which would play a role of interface states to pin the Fermi
level of semiconductor.

1.4 Introduction of contact materials
Before discussing about the contact materials, a brief introduction of the
semiconductor material will be given firstly. At present, a great amount of
microelectronics has been a silicon-based (Si-based) technology because of its
mature process technology. However, it is expected that this Si-based technology
will be replaced by other alternate semiconductor materials, such as germanium
(Ge), III-V compounds, Si1-xGex, Ge1-xSnx. Among those semiconductors
materials, Ge is often expected as one of the promising candidates due to its
relative compatibility with silicon process and its high carrier mobility [58, 59].
As shown in Table 1.3, the effective electron mobility of Ge is over 2 times higher
than that of Si, moreover, the effective hole mobility of Ge is over 4 times higher
than that of Si.
Table 1.3 Comparison of the electrons and holes mobility between Si and Ge [60].
Effective mobility (cm2/Vs)

Si

Ge

Electron

1600

3900

Hole

430

1900

To realize the application of Ge-based microelectronics, developing a
metal/Ge contacts with promising properties is quite necessary. Considering the
fabrication process and its function in the device operation, the contact material
should exhibit low sheet and contact resistance, good thermal stability, and low
fabrication temperature. Based on those requirements, germanide, analogic to the
application of silicide in current Si-based process, is known as one of the most
promising contact materials, and those germanides could be used as a contact with
source/drain and gate.
Gaudet [61] and his coworkers have systematically studied the thermally
induced reaction of 20 transition metals (Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Re,
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Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt, and Cu) with Ge substrates, the phase formation
sequence, sheet resistance, and the surface roughness for each metal/Ge system
have been investigated to identify the most suitable contact material for Ge-based
microelectronics. The first group of metals, including Ti, Zr, Hf, V, Nb, and Ta,
have high germanidation temperature (above 450 ºC), and are prone to be
oxidized. The second group are Cr, Mo, Mn, Re, Rh, Ru, and Ir, the resistivity of
the associated germanide is as high as above 130 μΩ·cm, which is not suitable for
the microelectronic applications. The third group, Fe, Co, Ni, Pd, Pt, and Cu, are
the most interesting candidates because of their low formation temperature (150 360 ºC) and low resistivity (22 - 129 μΩ·cm).
Among those leading materials, nickel monogermanide (NiGe) attracts
considerable interest because of its low resistivity (approximately 22 μΩ·cm), low
formation temperature (as low as 350 ºC), final stable phase in Ni-Ge binary alloy
system, and low Ge consumption for germanide formation. These advantages
quite meet the requirement of nanoscale Ge-based microelectronics. However, the
strong anisotropic properties of NiGe, with primitive orthorhombic structure in
MnP-type (a=5.381 Å, b=3.428 Å, c=5.811 Å) [62], might be one of the obstacles
against its practical application. Firstly, due to an unusual negative thermal
expansion coefficient along b-axis, positive ones along a and c-axis (γb = -510-6
K-1, and γa = 2010-6 K-1, γc = 2510-6 K-1) [63], the formation of NiGe layer might
bring on local stress, and further result into rough surface or fractures in extreme
case. Also, we should be concerned with the strong dependence of work functions

m on the crystalline orientation, which will cause the variability of electronic
properties in nanoscale metal/Ge contacts (for the NiGe(100) surface, m value is
theoretically calculated to be 4.37 eV, while the highest one is 4.76 eV for the
NiGe(101) surface.) [64].

1.5 Purpose and contents of this study
The purpose of this study is to develop a metal/Ge contact with low contact
resistivity and feasible process for future highly scaled Ge-based MOSFET, like
planar Ge MOSFET, Ge FinFET, etc. On the other hand, we also try to clarify the
origin of FLP so as to find an effective way to alleviate the FLP, or further remove
the FLP in extreme case. In order to achieve those purposes, the epitaxial
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formation and electrical properties of NiGe/n-type Ge(001) and Ge(110) are
systematically investigated. The reason why we choose NiGe as a contact material
has been discussed in section 1.4. Next, we talk about the reason why we try to
introduce epitaxial technology into the process of metal/Ge contact.
Besides the lower SBH of epitaxial metal/Ge contact as mentioned in section
1.3.4, there is another reason for the necessity of epitaxial metal layer. Because
once contact dimension of nanometer technology devices scales down to a
magnitude of grain size of contact materials, a variability of crystalline orientation
of grains in metal contact materials may give rise to an unignorable variation of
the work function [64] and morphology stability [65], particularly in the case of
NiGe with strong anisotropic properties, that means, the problem of electrical
fluctuation and non-reproducibility for each source and drain regions will occur
for the polycrystalline contact layer. Therefore, the contact layer with
polycrystalline structure may be not suitable for such nanometer technology
devices, and the formation of an epitaxial contact layer and control of its relative
orientations are quite required.
Compared with the epitaxial formation of silicide on Si substrate, the
epitaxial formation of germanide on Ge substrate is much more difficult, since
there are few germanide materials with good lattice matching with the diamond
structure of Ge (a=5.6575 Å). Fortunately, there are many ways to solve this
problem. In previous studies, reactive deposition has been successfully conducted
to form epitaxial cobalt germanide [66] and NiGe layers on Ge(001) [67] in an
ultrahigh vacuum (UHV) chamber equipped with in-situ transmission electron
microscope (TEM). Koike [68] also proposed an epitaxial formation of NiGe on
Ge(001) substrate by inserting a thin interlayer (1-5 nm thick Sn layer). Of
interesting, solid phase reaction somehow also contributes to the epitaxial
formation of germanide layer even though the lattice mismatch between metal and
Ge substrate is large. For example, high crystalline quality and threading
dislocation free Mn5Ge3 films can be epitaxially grown on Ge(111) substrate
despite the existence of a misfit as high as 3.7% between epitaxial Mn5Ge3 layer
and Ge(111) substrate [69].
Therefore, we will conduct reactive deposition and solid phase reaction to
form epitaxial NiGe layer on Ge(001) and Ge(110) substrates, and the epitaxial
- 22 -

formation mechanism also will be further investigated by considering the surface
energy and strain energy. Finally, based on the investigation of crystalline
structures of NiGe layer formed by the reactive deposition and solid phase
reaction, the electrical properties of NiGe/Ge contact were studied to make clear
the origin of FLP.
The construction of this dissertation is as follows. In chapter 2, the sample
fabrication process and characterization method are introduced. In the chapter 3,
we focus on the epitaxial formation of NiGe layer on Ge(110) substrate. At first,
the effect of surface cleaning on the crystalline structure of NiGe layer will be
discussed. Secondly, we talk about the dependence of epitaxial and polycrystalline
growth of NiGe layer on the annealing temperature. Thirdly, the epitaxial
formation mechanism of NiGe layer on Ge(110) substrate is established by
considering its atomic arrangement. This chapter partly includes the results in our
published paper, ref. 70 and 71. Chapter 4 is concerned with the epitaxial
formation of NiGe layer on Ge(001) substrate, and a method to improve the
epitaxial formation is proposed. This chapter partly includes the results in our
submitted paper, ref. 72. Chapter 5 deals with the electrical properties of NiGe/Ge
contact with various crystalline structures, and a summary of the effect of the
crystalline structure on the electrical properties is given. Finally, the contribution
to the Ge-based technology and academic theory in this study are summarized in
chapter 6.
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2 Sample fabrication process and characterization method
2.1 Sample preparation
2.1.1 Surface cleaning process
The substrates used were n-type Ge(110) and Ge(001). The Ge wafers were
chemically cleaned by dipping in a diluted HF solution and rinsing in deionized
water repeatedly for five times to remove contaminations and the surface oxide
layer. After wet cleaning, the Ge wafer was dried with N2 blow and immediately
introduced into an ultra-high-vacuum (UHV) chamber whose base pressure was
below 2.510-5 Pa. Note that a native oxide layer was formed during the transfer
of the sample from the atmosphere into the UHV chamber [1]. Thermal cleaning
was performed at 550 ºC for 30 min in the UHV chamber to remove the native
oxide layer for some samples. Some samples were not treated with thermal
cleaning to investigate the effect of the native oxide layer on the epitaxial
formation of the NiGe layer. The detail surface cleaning process is shown in Table
2.1.
Table 2.1 Surface cleaning process before Ni deposition.
Process number

Chemical solution

Treatment

Time

1

Deionized water

Overflow

5 min

2

Diluted HF solution (1%)

Dip

1 min

3

Deionized water

Overflow

1 min

4

Repeat process 2 and 3 for 3 times

5

Diluted HF solution (1%)

Dip

1 min

6

Deionized water

Overflow

<1 min

7

Load into UHV chamber

550 ºC desorption 30 min

2.1.2 Ni deposition and germanidation
In this study, an electron beam evaporation method is used to deposit Ni
layer. Basically, this deposition method is some kind of physical vapor deposition.
The deposition fundament is instructed as follows: at first, electron beam is
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generated by thermionic emission method from a tungsten filament, then this
generated electron beam is accelerated, and is steered by an additional electrical
and magnetic field to bombard the Ni target. Once the high energy electron beam
reaches to the Ni target, the Ni target is heated up through converting the kinetic
energy of electron beam into the thermal energy of Ni target, thus the Ni atoms are
evaporated if the heated temperature is high enough. Finally, the evaporated Ni
atoms would precipitate into solid form once landing onto Ge substrate, thus the
deposition of Ni onto Ge substrate is achieved.
The schematic diagram of electron beam evaporation equipment is shown in
Figure 2.1. The deposition chamber is vacuumed by a rotary pump and a
mechanical booster pump, and the vacuum pressure is maintained around 110-5
Pa. During the Ni deposition, the vacuum pressure is decreased to approximately
4-710-5 Pa due to the evaporation of Ni atoms. On the other hand, the deposition
rate and the thickness of as-deposited Ni layer are monitored by the quartz crystal
microbalance, which has been calibrated before Ni deposition. In this study, the
deposition rate is controlled at 0.1 Å/s by adjusting the filament current and high
voltage.
For the solid phase reaction, a 20- or 30-nm-thick Ni layer was deposited at
room temperature. Then, after the as-deposited sample was cooled down in 3 - 6
hours, we take out the sample, and immediately introduce the as-deposited sample
into a furnace chamber. Next, germanidation is conducted at 200 - 550 ºC for a
time ranging from 30 s to 5 min in N2 ambient.
Different from the solid phase reaction, the reactive deposition method is
performed at 350 ºC (temperature of substrate), which is high enough to drive the
reaction between as-deposited Ni and Ge substrate. In other words, the Ni
deposition and germanidation are completed simultaneously for reactive
deposition, while solid phase reaction is conducted by post germanidation after
the process of Ni deposition.
Moreover, a 2-steps deposition, combined with solid phase reaction, is
proposed. After the reactive deposition of a 5 nm-thick Ni layer at 350 ºC to form
thin Ni germanide layer, a 15 nm-thick Ni layer was additionally deposited at
room temperature, then, this sample was taken out in atmosphere and annealed at
350 ºC for 30 s in N2 ambient using rapid thermal annealing (RTA) system.
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Figure 2.1 The schematic diagram of electron beam deposition equipment.
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Figure 2.2 The process flow for fabricating the Schottky diode.
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2.1.3 Fabrication process of Schottky diodes
Figure 2.2 shows the process flow for fabricating a Schottky diode, note that
those schematic diagrams are not drawn in scale. We started from the process after
germanidation, the structure is shown in Figure 2.2(a). To know the processes of
Ni deposition and germanidation in detail, please refer to section 2.1.2.
Followed by the process of germanidation, about a 500 - 1000 nm Al layer,
which plays a role of electrode in Schottky diode, was thermally evaporated under
the vacuum condition of 5.010-3 Pa firstly, as shown in Figure 2(b). Secondly, a
resist layer was spin coated onto the Al/NiGe/Ge structure, using a speed of 5000
rpm for 30 s. To dry this sample, a baking at 90 ºC for 9 s was conducted. Next, an
etching window was opened by traditional photolithography. Then, a mesa
structure was formed by wet etching at 50

5 ºC for 4 min, the portion of wet

etching solution was H2PO4: CH3COOH: HNO3 = 250:20:3. Finally, after
removing the remained resist by a MS2001 solution, a round contact pattern with
various areas, e.g., 1000 μm (diameter), 750 μm, 500 μm, was formed, the cross
sectional structure is shown in Figure 2.2(c). The last process was the fabrication
of backside electrode, which is same as the fabrication of surface electrode. The
completed Schottky diode is shown in Figure 2.2(d).

2.2 Characterization of the crystalline structure
2.2.1 X-ray diffraction
X-ray diffraction (XRD) is one of the primary techniques often used in thin
film field, including the identification of the crystalline phase and crystalline
structure, evaluation of the stress and strain, and investigation of the texture.
When an incident beam of monochromatic X-ray strikes a crystal material with a
regular array of atoms, an elastic scattering occurs due to the interaction between
the atoms and the incident beam. Since the atoms are regularly arrayed in the
crystal materials, the scattered X-rays from those regularly arrayed atoms undergo
constructive and destructive interference. Assuming the spacing between
diffraction planes is d and the wavelength of the incident X-ray beam is λ, we can
find a diffraction beam in the direction described by the 2θ the angle between
incident beam and diffraction beam, this diffraction angle could be given by
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Bragg’s law, nλ = 2dsinθ. By inspecting this Bragg’s law, we can easily get a
conclusion that a specific lattice plane has its own diffraction angle 2θ, in other
words, each material with specific crystal structure has a set of corresponding
diffraction peaks, which is characterized by the diffraction angle 2θ and the
intensity of the diffraction peak. The schematic diagram of the XRD equipment is
shown in Figure 2.3, this equipment is mainly composed of X-ray source
generator, incident slit, sample holder, and X-ray detector.

Detector

Rotation
X-ray source

2θ

ω = 1.626 °
CuKα
Sample
Incident slit

Figure 2.3 The schematic diagram of X-ray diffraction equipment.
In this study, grazing angle XRD (2 scan,  = 1.626) and out-of-plane
XRD (2/ scan) using a Cu Kα source (λ = 1.5405 nm) were performed to
investigate the crystalline structure of Ni germanide layer. Generally, grazing
angle XRD is used to detect the polycrystalline growth of thin film, because the
experimental angle of the grazing angle XRD is symmetrically changed, the scan
trace in reciprocal map of Ge, in which the primary plane is Ge(110), and the
secondary primary plane is Ge(110), is indicated by the dash arc in Figure 2.4.
This scan trace could detect the diffraction plane from the random oriented grains.
On the other hand, out-of-plane XRD shows us the diffraction plane of film
parallel to the surface of substrate, and is often used to detect the epitaxial growth,
because the experiment angle follows the relationship of  = 2/2, namely, the
scanning trace of out-of plane XRD is along the normal direction of substrate, as
indicated by the dash line in Figure 2.4.
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Figure 2.4 The scanning trace of 2θ and 2θ/ω scan.
We also use x-ray diffraction two-dimensional reciprocal space mapping
(XRD-2DRSM) to evaluate the residual stress and strain in the NiGe layer, which
may be due to the misfit of lattice plane between the epitaxial NiGe layer and Ge
substrate, or the difference of the thermal expansion efficiency between NiGe
layer and Ge substrate, or the volume expansion during the phase transformation
from Ni layer to NiGe layer. Assuming that there is an in-plane uniaxial tensile
strain in the film, the in plane and out of plane lattice constant of the film would
increase and decrease, respectively. As for the compressive strain in the film, the
variations of the in plane and out of plane lattice constant are opposite. Therefore,
by comparison the lattice constant of the strained film with that of the strain-free
film (theoretical calculation based on the crystalline structure), the strain and
stress could be evaluated by the XRD-2DRSM. Note before calculating the
variation of the lattice constant of the film, the experimental results 2 and  in
the XRD-2DRSM, which could describe the lattice constant by Equation (2.1a)
and (2.1b), should be calibrated by those values of substrate.
cos

cos 2

(2.1a)

2

(2.1b)

- 34 -

2.2.2 Transmission electron microscopy
Transmission electron microscopy (TEM) is known as a central tool for
complete characterization of nanoscale materials and devices because of its high
spatial resolution. Basically, TEM technique also relies on the Bragg’ law, same
with the XRD technique as mentioned in section 2.2.1. The main difference
between TEM and XRD is the beam source, the beam source of TEM is electron
beam, while XRD is X-ray (usually Cu Kα). And the high resolution of TEM is
contributed by this electron beam source, the resolution could be approximately
describe by equation

.
/

, where λ is the resolution with a unit nm, E is the

electron energy with a unit eV, hence, for a 100 keV electron, λ is about 0.004 nm,
which is much smaller than the diameter of an atom [2].
Next, we briefly introduce the electron beam transmission path in a TEM
apparatus, as shown in Figure 2.5 [3]. After a Wehnelt thermionic or field electron
emission from a filament to the vacuum, the electron beam is manipulated and
converged by a set of lenses with a magnetic field. Typically, a TEM apparatus
consists of three lenses, including the condensor lens, objective lens, and projector
lens. These lenses work at a given position in the electron beam transmission path,
the condenser lens have a responsibility for the primary beam formation, the
objective lens is used to focus the beam that penetrates through a thin specimen,
note additional objective lens above the specimen is used to convergent the
incident electron beam for cross sectional TEM scanning mode, the projector lens
expand the electron beam onto the detector, like phosphor screen, CCD camera,
etc.
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Figure 2.5 The schematic diagram of the optical configuration: (a) TEM
observation, (b) TED measurement.

- 36 -

(a)

01 spot
Ewald sphere
00 spot

Shadow edge

(21)

( 0) ( 0) (00) (10) (20)

>

(22)

Incident beam

<011>

00 01 02

(b)

( 1) ( 1) (01) (11) (21)

Incident point

<

( 2) ( 2) (02) (12) (22)

Laue point

(12) (02) (12)
(01)
(11)
(11)
(10)

(22)
(21)

(00)
(10)

Shadow edge
0 Order Laue Zone
Incident point

1 Order Laue Zone
2 Order Laue Zone

Figure 2.6 (a) The schematic diagram of RHEED with Ewald sphere, the inserted
figure is the reciprocal map of fcc(001) surface, (b) RHEED pattern on the
detector based on the reciprocal map of fcc(001) surface.
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2.2.3 Reflection high energy electron diffraction
Reflection high energy electron diffraction (RHEED) technique is a kind of
electron beam relied technique, like TEM, thus we can investigate the crystalline
structure of film by analyzing the RHEED pattern similar with TED pattern, for
example, when the film is polycrystalline, the RHEED pattern exhibits a ring
pattern, while the RHEED pattern for an epitaxial film will show a streak or spot
pattern (discussed later).
However, RHEED technique has some unique features, which makes
RHEED technique different from TEM technique. One is that the TEM
observation is realized by the penetration of electron beam through a thin
specimen, whereas, the RHEED pattern could be easily obtained by making the
incident beam graze the surface of the film, the schematic diagram [4] of this
technique is shown in Figure 2.6(a). To introduce the principle of this technique,
we take a fcc (100) surface as an example, and the corresponding reciprocal map
is inserted in the lower right of Figure 2.6(a). When the set of lattice planes 00, 01,
02, etc., meets the Bragg’s law, which is described by the Ewald’s sphere, the
corresponding diffraction beams could be detected by a CCD camera or phosphor
screen, such as 00 spot, and 01 spot, and the typical RHEED pattern based on the
reciprocal space map of fcc (001) surface is shown in Figure 2.6(b).
The second unique feature of RHEED technique is the relative low energy of
the incident beam, generally, the electron gun of TEM apparatus is operated above
100 keV, whereas, that of RHEED is done as low as 10 - 30 keV. Due to this
relatively low energy of incident beam, the penetration depth of incident beam
into a film is approximately 1 nm, namely, RHEED technique is very sensitive to
the surface state. When the surface of an epitaxial layer is rough, the RHEED
pattern will exhibit spot characteristic, while a streak RHEED pattern will be
obtained for an atomically flat surface. Another benefit from this relatively low
energy of incident beam is the ignorable damage to the film due to the
bombardment by the electron beam, hence, RHEED technique could be used as an
in-situ surface characterization method during the film growth.
In this study, an electron energy of 26 keV is used for the RHEED
measurement to confirm whether a native oxide layer has been desorbed by
thermal cleaning, as mentioned in section 2.1.1. And in-situ RHEED measurement
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is also conducted to characterize the surface information of the reactive deposited
NiGe layer, including the crystalline structure and surface roughness.

2.2.4 Atomic force microscopy
We also used atomic force microscopy (AFM) to investigate the evolution of
the surface topography of Ni/Ge system with the increase of the annealing
temperature. AFM is a kind of scanning probe microscopy with a very high
resolution. The measurement principle and a typical set up of AFM apparatus are
shown in Figure 2.7(a) and 2.7(b), respectively. A cantilever with a sharp tip at its
end is precisely controlled by piezoelectric elements, which consists of surface
movement controller and height movement controller. When the tip is brought
close to the surface, an atomic force between the tip and the sample results in a
deflection of the cantilever, which is detected by the so called “position sensor”.
According the Hooke’s law, the strain in the cantilever could be measured based
on the deflection detection. During the scanning process, in turn, we maintain a
constant force in the cantilever, namely, the deflection of the cantilever is kept at a
constant distance between the tip and the sample. Thus, the surface topography
could be characterized by the adjustment of the distance between the tip and the
sample.
As mentioned in the previous paragraph, one of the main parts of AFM
apparatus is the position sensor. Typically, a position sensor consists of a laser
diode, a set of mirrors, a four-quadrant photodetector and a differential amplifier,
as shown in Figure 2.7(b). A laser, generated from the laser diode, is reflected
onto the cantilever by a set of mirrors, and finally the laser is reflected by the
cantilever to a four-quadrant photodetector. According to the position of laser spot
in the four-quadrant photodetecor, the deflection of the cantilever could be
detected, thus the measurement of surface topography is realized.
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Figure 2.7 (a) Schematic diagram of the principle of AFM, (b) a typical set up of
AFM apparatus.
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2.3 Characterization of the electrical property
The current transport in metal/semiconductor contacts is mainly due to the
majority carriers. Considering a forward bias, four basic transport processes is
shown in Figure 2.8. One is the transport of electrons from the semiconductor into
the metal, whose energy is high enough to overcome the potential barrier. This
transport process is a dominant one for a Schottky diode with moderately doped
semiconductors. The second one is quantum mechanical tunneling of electrons
through the barrier, which often happens when the semiconductor is heavily
doped. The third one is the recombination of hole and electron pairs in the space
charge region. The fourth one is the hole injection from the metal to the
semiconductor, like the recombination happened in the neutral region. Note that
besides the four current transport processes, an edge leakage current and interface
current are often observed in our study, the high electric field at the contact
periphery and the traps at the interface of metal/semiconductor might take the
responsibility of the edge leakage current and interface current, respectively.
Electron

(1)
(2)
(3)

Hole
(4)
qV

EFM

(3)
(4)

EC
EFS
V

EV

Metal

n-type semiconductor

Figure 2.8 Four basic current transport processes in metal/n-type semiconductor
contact under forward bias.
(1) Transport of electrons from the semiconductor over the potential barrier
into the metal.
(2) Quantum mechanical tunneling of electrons through the barrier.
(3) Recombination in the space-charge region.
(4) Hole injection from the metal to the semiconductor.
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In this section, we only discuss the transport of electrons over the potential
barrier, since this transport mechanism is the dominate one for metal/n-type Ge
contact in this study. To understand the other transport mechanism, we
recommend one to refer to a book [5]. And we consider a thermionic emission
theory [6] to describe this transport current. At first, we assume a thermal
equilibrium is established, and the net current flow, a sum of the current fluxes
due to electron transport from metal to semiconductor (denoted as reverse current
Im→s) and the other one from semiconductor to metal (denoted as forward current
Is→m), does not affect this equilibrium. The other assumption is that the current
flow is determined solely by the barrier height. Therefore, the current density Js→m
could be given by the concentration of those electrons with enough high energy to
overcome the barrier height,
J sm 




E F  q B

qv x dn ( E )

(2.2)

Where EF + qΦB is the minimum energy required for an electron to be
thermionically emitted into metal, vx is the carrier velocity in the direction from
semiconductor to metal, dn(E) is the electron density in an incremental energy
range E. By multiplication the density of states N(E) with the distribution function
F(E), dn(E) could be described by Equation (2.3)

dn( E )  N ( E ) F ( E )dE
3

1
 E  Ec  qVn 
4 (2m* ) 2
dE

( E  Ec ) 2 exp 
3
k BT
h



(2.3)

Where m* is the effective electron mass of the semiconductor, and the product qVn
is Ec - EF, kB is Boltzmann’s constant, and h is Planck constant.
Next, considering that all the energy of electrons in the conduction band is
kinetic energy, thus we have

E  Ec 

1 * 2
mv
2

(2.4)

m*
E  Ec  v
2

(2.5)

∗

(2.6)

Substitute Equation (2.4) - (2.6) into Equation (2.3), the electron density in an
incremental speed has the form
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(2.7)

On the other hand, the velocity v has three components in x, y, z directions, as
mentioned previously, the electron transport direction is along x direction, thus
combining the conditions v 2  v x2  v y2  v z2 and 4πv2dv = dvxdvydvz, Equation (2.2)
is transformed into
 4qm * k B2
J s  m  
h3


 2
 qV
T exp  n
 k BT


 m * v ox2

 exp 

 k BT





(2.8)

Where vox is the minimum velocity required for an electron to overcome the
barrier, and this parameter could be obtained by solving the equation
1 * 2
m vox  qVbi  V  , where V is the applied voltage, Vbi is the built-in potential at
2
zero bias, as shown in Figure 1.10. Finally, the current density Js→m is given by
 qΦ B
J sm  A*T 2 exp 
 k BT

 V

 exp
 k BT


 B  Vn  Vbi
A* 

4 π qm * k B2
h3





(2.9)
(2.10)
(2.11)

where ΦB is the barrier height, and equals to the sums of Vn and Vbi, A* is the
effective Richardson constant [5] for thermionic emission. As for Si case, A* is
250 and 79 A/cm2K2 for electron and hole, respectively, while those of electron
and hole in Ge case are 143 and 41 A/cm2K2 [7].
Next, we demonstrate the current density Jm→s. Since the barrier height for
electron transporting from metal to semiconductor does not depend on the applied
voltage, the current contributed by electron transport from metal to semiconductor
is constant no matter how much the voltage is applied. Thus, we could easily
obtain this reverse current by considering the equilibrium state when the applied
voltage is zero. Under this condition, the current density Jm→s is equal to the
current density Js→m, thus by setting V = 0, we obtain the current density Jm→s
 q B 

J m  s   J s  m (V  0)   A *T 2 exp 
 k BT 

(2.12)

Finally, the net current density could be given by the sum of Equation (2.9) and
(2.12),
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  qV  
  1
J  J s  exp
  k BT  

(2.13)

where Js is the saturation current densities, this parameter has the form,
 qΦ B
J s  A*T 2 exp 
 k BT





(2.14)

In practical experiment, the net current density is not only contributed by
thermionic emission current component, but also sometimes contributed by other
current component, such as tunneling current as mentioned in the previous part.
Thus, we introduce the ideality factor n to judge whether the thermionic emission
current dominates the current flow. The Equation (2.13) is rewritten as follows

  qV  
  1
J  J s  exp
  n k BT  

(2.15)

where the ideality factor n is defined as

n

q
V
k BT  (ln J )

(2.16)

When the thermionic emission current is the majority contributor (e.g., for
low dopings, at high temperature), the ideality factor n is very close to a unity.
However, this parameter departs from the unity when the doping is high or the
measurement temperature is low, which means that the majority contributor of the
current flow is other transport mechanism except the thermionic emission current.
Furthermore, if V ≫ kT/q, or V ˃ 3kT/q, Equation (2.15) is approximated

 qV 

J  J s exp
 n k BT 

(2.17)

2.3.1 Current-Voltage measurement
As discussed in the last section, for a moderately doped semiconductor, and
V˃3kT/q, the current density-voltage (J-V) characteristics is described by
Equation (2.15). Thus, the saturation current densities Js and ideality factor n
could be obtained by fitting the experimental J-V characteristics in forward bias
using Equation (2.15). On the other hand, over a limited range of measurement
temperature, e.g., 250K - 300K in this study, the value A* and ΦB are nearly
independent on the measurement temperature. Therefore, according to Equation
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(2.14), the slope of an Arrhenius plot of ln(Js/T2) versus 1/T yields the Schottky
barrier height ΦB [8], as described in Equation (2.18),
ln

∅

∗

ln

(2.18)

And the intercept at 1/T=0 gives the parameter A*, which is a product of the
electrically active area and the effective Richardson constant.

2.3.2 Capacitance-Voltage measurement
The Schottky barrier height is also estimated by capacitance-voltage (C-V)
method [9, 10]. For a metal/semiconductor with a uniformly impurity
concentration, the relationship between capacitance C and applied voltage V is
often given by
≡

|



|

(2.19)

Where Qsc is the space charge per unit area of the semiconductor, q is the
electronic charge, εs is the permittivity of semiconductor, ND is the net donor
concentration, Vbi is the built-in potential, kB is Boltzmann’s constant, and T is the
measurement temperature.
To estimate the Schottky barrier height, Equation (2.19) is often transformed
as follows,


(2.20)

Based on this equation, the built-in potential Vbi could be extrapolated from the
intercept on the voltage axis in a plot of 1/C2 versus the applied voltage V,
moreover, the impurity concentration ND could be calculated by the slope of 1/C2
as a function of applied voltage V, the detail is as follows


(2.21)

On the other hand, according to the energy band diagram of
metal/semiconductor, as shown in Figure 1.10, the Schottky barrier height could
be expressed by the sum of Vbi and Vn, and the Equation (2.10) is rewritten here
(2.10)
where Vn is the energy difference between Ec and EF of semiconductor, this
parameter is a function of the impurity concentration ND
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ln

(2.22)

where NC is the effective density of states in the conduction band. Therefore,
combining Equation (2.21), (2.10), and (2.22), the Schottky barrier height could
be obtained.

- 46 -

References
[1]

[3]

S.K. Sahari, H. Murakami, T. Fujioka, T. Bando, A. Ohta, K. Makihara, S.
Higashi, S. Miyazaki, Japanese Journal of Applied Physics 50/4 (2011)
04DA12.
D.B. Williams, C.B. Carter, The Transmission Electron Microscope,
Springer, 1996.
坂公恭, 結晶電子顕微鏡学: 材料研究者のための, 內田老鶴圃, 1997.

[4]

表面科学会, 表面分析技術選書ナノテクノロジーのための表面電子回

[2]

折法, 丸善株式会社, 2003.
[5] S.M. Sze, Physics of semiconductor devices, John Wiley & Sons, New York,
1981.
[6] H.A. Bethe, Theory of the boundary layer of crystal rectifiers, Radiation
Laboratory, Massachusetts Institute of Technology, 1942.
[7] C.R. Crowell, Solid-State Electronics 8/4 (1965) 395.
[8] K. Chino, Solid-State Electronics 16/1 (1973) 119.
[9] C. Crowell, J. Sarace, S. Sze, TRANSACTIONS OF THE
METALLURGICAL SOCIETY OF AIME 233/3 (1965) 478.
[10] A.M. Goodman, Journal of Applied Physics 34/2 (1963) 329.

- 47 -

3 Epitaxial formation of Ni Germanide on Ge(110) substrate
3.1 Background
By introducing an uniaxial compressive strain along Ge[ 1 10] direction, a
Ge(110) channel is reported to have a highest hole mobility compared with Si and
Ge with other strain structures, or other surface orientations [1]. Thus, the Ge(110)
channel has attracted a great interest, and is expected as one of the promising
candidates for the future high speed germanium metal-oxide-semiconductor field
effect transistor (Ge MOSFET).
Considering this potential application of Ge(110) channel, developing a
metal/Ge(110) contact becomes quite imperative for realizing the Ge(110)channel-based MOSFET device. However, so far, there are few reports on the
metal/Ge(110) contact, including the contact formation and its electrical
properties, although the metal/Ge contact has been extensively studied, most of
those reported works only focus on metal/Ge(001) contact [2-5]. Therefore, we
have to investigate the metal contact formed on Ge(110) substrates other than
Ge(001).
Considering the self-align contact formation process for the nanoscale
transistor structure, metal germanide formed by solid-phase reaction is one of the
promising candidates for contact materials. Recently, germanides with various
metals such as Er [4], Ti [6], Co [7], Pt [8], Pd [2], and Ni [9] have been
investigated. Among these leading germanides, nickel monogermanide (NiGe)
attracts considerable interest because of its low resistivity (approximately 22
μΩ·cm), low formation temperature (as low as 350 ºC), final stable phase in NiGe binary alloy system, and low Ge consumption for germanide formation [10].
These advantages quite meet the requirement of nanoscale Ge MOSFET, so the
contact material we choose in this study is NiGe, with a primitive orthorhombic
structure in MnP-type (a = 5.381 Å, b = 3.428 Å, c = 5.811 Å) [11].
However, the strong anisotropic properties of NiGe might be one of the
obstacles against its practical application in subnano Ge MOSFET. Firstly, due to
an unusual negative thermal expansion coefficient along b-axis, positive ones
along a and c-axis (γb = -510-6 K-1, and γa = 2010-6 K-1, γc = 2510-6 K-1) [12],
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the polycrystalline NiGe layer might have a large local strain, which may result
into a rough surface or fractures in extreme case. Secondly, there is also another
concern of the strong dependence of work functions m on the crystalline
orientation, for the NiGe(100) surface, m value is theoretically calculated to be
4.37 eV, while the highest one is 4.76 eV for the NiGe(101) surface [13], this
large variation of work function may cause a variability and non-reproducibility
of the electronic properties for each polycrystalline NiGe/Ge contacts when the
contact area scales down to a magnitude of the grain size of contact materials.
Therefore, to avoid those issues, the formation of an epitaxial NiGe layer and
control of its relative orientations are quite required.
In previous studies of metal silicide/Si contacts, an intermediate layer
between metal and Si is often used to obtain or promote epitaxial silicide
formation of the metal contact layer, e.g., epitaxial silicide formation from
Pd/Ti/Si [14], Co/Ti(O)/Si [15], Co/TiN/Si [16], and Co/SiOx/Si [17] structures in
the Si case. Among those intermediate layers, the oxide intermediate layer is
expected to effectively control the epitaxial formation and its relative orientation
of metal contact layer, because it does not depend on substrate orientation and
doping level, and the preparation of the oxide layer is easy [17,18].
In this study, we investigated the epitaxial formation of NiGe layer on a
Ge(110) substrate. The effect of the surface native oxide layer on the orientation
of epitaxial NiGe domain grown on Ge(110) substrate has been investigated, and
the epitaxial and polycrystalline growths with increase in the annealing
temperature are further discussed. We also compared the morphology of the NiGe
layer with different crystalline structures. Finally, the epitaxial formation of NiGe
layer on Ge(110) has been discussed by considering the strain due to the misfit,
and also considering the interfacial energy. Our results reveal that the orientation
of the epitaxial NiGe layer on Ge(110) could be controlled by the native oxide
layer, and the annealing temperature affects the crystalline properties of epitaxial
and polycrystalline NiGe layers grown on the Ge(110) substrate.

3.2 Experiment
The substrate used was an n-type Ge(110) wafer with a resistivity of 0.1-10
Ω cm. The Ge wafers were chemically cleaned by dipping in a diluted HF solution
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and rinsing in deionized water repeatedly for five times to remove contaminations
and the surface oxide layer. After wet cleaning, the Ge wafer was exposed to the
atmosphere and immediately introduced into an ultra-high-vacuum (UHV)
chamber whose base pressure was below 2.510-5 Pa. Note that a native oxide
layer was formed during the introduction of the sample from the atmosphere to
the UHV chamber. Thermal cleaning was performed at 550 ºC for 30 min in the
UHV chamber to remove the native oxide layer for some samples. Some samples
were not treated with thermal cleaning to investigate the effect of the native oxide
layer on the epitaxial formation of the NiGe layer. A 20- or 30-nm-thick Ni layer
was deposited by e-beam evaporation at room temperature. Then, the samples
were exposed to the atmosphere and annealed in a quartz furnace chamber at 200550 ºC for a time ranging from 30 s to 5 min in N2 ambient.
Reflection high-energy electron diffraction (RHEED), with an electron
energy of 28 keV, was used to confirm whether the native oxide layer was
removed by thermal cleaning. Grazing angle X-ray diffraction (XRD; 2 scan, 
= 1.626) and out-of-plane XRD (2/ scan) using a Cu Kα source (λ = 1.5405
nm) were performed to observe the crystalline structure of Ni germanide layers.
Cross-sectional transmission electron microscopy (XTEM) was also performed to
reveal the crystalline structure of the germanide layer and the orientation
relationship with respect to the Ge substrate. The surface roughness was measured
by atomic force microscopy (AFM). The strain in the epitaxial NiGe layer was
estimated by X-ray diffraction two-dimensional reciprocal space map (XRD2DRSM).

3.3 Results and discussion
3.3.1 Effect of surface cleaning on crystalline structure of NiGe
First, we investigated the effect of thermal cleaning on the surface condition
of the Ge substrate before Ni deposition. For the samples without thermal
cleaning, a native oxide layer, formed during the transfer of the chemically
cleaned Ge(110) wafer from the atmosphere to the UHV chamber, exists between
an as-deposited Ni layer and the Ge(110) substrate. The thickness of this native
oxide layer was estimated to be 0.5 nm by X-ray photoemission spectroscopy
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(XPS) measurement (not shown), which is consistent with the previously reported
thickness of a native oxide layer (0.7 nm) on Ge under a similar condition [28].
For the samples with thermal cleaning at 550 ºC for 30 min in a UHV
chamber, the native oxide layer was completely removed, namely, there is no
native oxide layer existing between the as-deposited Ni layer and the Ge(110)
substrate. This was confirmed by RHEED observation of the Ge(110) surface
along the [ 110] direction. Before thermal cleaning, owing to the existence of the
native oxide layer, the long streak patterns related to the Ge(11) surface
reconstruction are dim, as shown in Figure 3.1(a). Whereas, after thermal cleaning,
the streaks become clear, and we can observe the appearance of a fourth-order
pattern, as indicated by the arrows in Figure 3.1(b). Figure 3.1(c) shows the
intensity profiles for the RHEED pattern, which are integrated from the dot
rectangular. We can also see the appearance of the fourth-order pattern (as
indicated by the arrows) and the increase in the intensities of RHEED patterns
after thermal cleaning. These results indicate that the native oxide layer is
effectively removed and a clean Ge(110) surface is prepared by thermal cleaning.
Figures 3.2(a) and 3.2(b) show grazing angle and out-of-plane XRD profiles,
respectively, of a typical crystalline structure of NiGe layers for the Ni/Ge(110)
samples with and without the native oxide layer after annealing at 350 ºC for 30 s.
In the grazing angle XRD profiles, as shown in Fig. 2(a), diffraction peaks
identified to be NiGe111, 210, 112, 211, 103, 212, 013, 311, and 122 [11] are
observed, and the intensities of these peaks are relatively weak compared with
powder diffraction. This result indicates that the polycrystalline NiGe domain is
formed in the Ni/Ge(110) samples with and without a native oxide layer.
On the other hand, in the out-of-plane XRD (2/ω-scan) as shown in Fig.
2(b), we can detect the diffractions related to a preferentially oriented NiGe layer
parallel to the Ge(110) surface; these diffractions are identified to be NiGe102 and
NiGe200 for the samples with and without the native oxide layer, respectively.
These results suggest that the epitaxial NiGe domain has also been formed on the
Ge(110) substrate regardless of the existence of native oxide layer, and the
orientation of the epitaxial NiGe domain is affected by the native oxide layer.
Figures 3.3(a) - 3.3(d) show cross-sectional TEM images of NiGe layers
grown on a Ge(110) substrate for the samples as mentioned in Figs. 3.2(a) and
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Figure 3.1 RHEED patterns of Ge(110) surface taken along [110] direction: (a)
before thermal cleaning, (b) after thermal cleaning at 550 ºC for 30 min, (c)
integrated intensity of RHEED pattern from the dot rectangular in (a) and (b).
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Figure 3.2 Typical XRD profile of 20-nm-thick Ni/Ge(110) system annealed at
350 ºC for 30 s with and without a native oxide layer: (a) grazing angle XRD (2
scan,  = 1.626), (b) out-of-plane XRD (2 / scan).
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Figure 3.3 Cross-sectional morphology and crystalline structure of 20-nm-thick
Ni/Ge(110) system annealed at 350 ºC for 30 s: (a) and (b) cross-sectional TEM
image, (c) and (d) high-resolution images, (e) and (f) TED pattern. (a), (c), and (e)
correspond to the sample with a native oxide layer; (b), (d), and (f) correspond to
the sample without a native oxide layer.
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3.2(b); Figs. 3.3(a) and 3.3(c) correspond to the samples with a native oxide layer,
and Figs. 3.3(b) and 3.3(d) correspond to those without a native oxide layer. For
both samples with and without a native oxide layer, the interfaces between NiGe
and the Ge(110) substrate are smooth. As shown in high-resolution TEM images,
lattice spacings in NiGe layers are estimated to be 0.26 and 0.29 nm in Figs. 3.3(c)
and 3.3(d), and those are identified to be lattice planes of NiGe(111) and (002),
respectively. These well-resolved lattice planes extend throughout the entire NiGe
layer, which reveals the high crystalline quality of the NiGe epitaxial layer.
However, note that several misfit dislocations are observed for the sample with a
native oxide layer, while the lattice planes of NiGe(002) nearly perfectly match
with Ge(001) planes; nearly no misfit dislocations are visible for the sample
without a native oxide layer. These differences in defects at the interface might
lead to different electrical properties of the NiGe/Ge(110) contact [29, 30], which
will be discussed in Chapter 5.
In TED patterns, as shown in Figs. 3.3(e) and 3.3(f), we can observe only a
spot pattern, not a ring pattern for both samples with and without a native oxide
layer. This result suggests that the epitaxial NiGe domain is dominant and the
polycrystalline NiGe domain is minority, which is in agreement with the high
resolution images. The orientation relationships between the NiGe layer and the
Ge(110) substrate are deduced from these patterns; some diffraction spots are
connected by lines to guide the eyes. For the sample with native oxide layer, the
orientation relationships are NiGe(102)//Ge(110) and NiGe[010]//Ge[001], while
those are NiGe(100)//Ge(110) and NiGe[001]//Ge[001] for the sample without a
native oxide layer. These results are consistent with the previous result of out-ofplane XRD profiles.

3.3.2 The effect of annealing temperature on the epitaxial and
polycrystalline growth of Ni germanide on Ge(110) substrate
Figures 3.4(a) and 3.4(b) show the typical out-of-plane and grazing angle
XRD profiles as a function of the annealing temperature for the Ni/Ge(110)
samples without a native oxide layer. For samples annealed at high temperature
above 250 ºC, the diffraction peaks related to the NiGe layer in both out-of-plane
and grazing angle XRD profiles are observed, and the corresponding intensities
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are strong for the sample annealed at 350 ºC, compared with those for the sample
annealed at 250 ºC. Whereas, for samples annealed at a low temperature of 200 
250 ºC, those NiGe peaks in both out-of-plane and grazing angle XRD are hardly
observed, and the corresponding intensities are very weak.
Figures 3.5(a) and 3.5(b) show the typical out-of-plane and grazing angle
XRD profiles as a function of the annealing temperature for the Ni/Ge samples
with a native oxide layer. Unlike Ni/Ge(110) samples without a native oxide layer,
when the Ni/Ge samples with a native oxide layer were annealed at a high
temperature above 250 C, the diffraction peaks related to NiGe are observed in
grazing angle XRD profiles, while they are hardly observed in out-of-plane XRD
profiles. On the other hand, when annealed at a low temperature below 250 C,
the diffraction peaks related to NiGe are hardly observed in grazing angle XRD
profiles, but clearly observed in out-of-plane XRD.
To clearly show the variation of the intensity of diffraction peaks related to
epitaxial and polycrystalline NiGe as a function of the annealing temperature, the
intensities of diffraction peaks in out-of-plane and grazing angle XRD profiles are
normalized by the intensity of Ge220 from the Ge substrate. The intensities of
experimental results for polycrystalline domains are additionally divided by the
relative intensity I(f) referenced from the powder diffraction profile [11]. Note
that the intensity of diffraction peaks could not be used for quantity analysis of the
volume of the relative crystalline structures, but the intensities qualitatively reflect
the volumetric variation: the intensities of diffraction peaks NiGe102 and
NiGe100 in out-of-plane XRD profiles represent the epitaxial domains for the
samples with and without a native oxide layer, respectively, while those of
NiGe111, 211, and 013 in grazing angle XRD profiles represent the
polycrystalline domains. As shown in Figs. 3.6(a) and 3.6(b), the tendencies of
intensities of NiGe111, 211 and 013 for the annealing temperature show good
consistency.
At first, we discuss the crystalline structure of the Ni germanide layer for the
sample without a native oxide layer, as shown in Fig. 3.6(a). In the case of low
annealing temperature (200  220 ºC), the growths of polycrystalline and epitaxial
domains of the NiGe layer are restrained. With the increase in the annealing
temperature, the polycrystalline and epitaxial domains of the NiGe phase grow
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Figure 3.4 Crystalline structure of 30-nm-thick Ni/Ge(110) without a native oxide
layer annealed at various temperatures for 5 min: (a) out-of-plane XRD (2/
scan), (b) grazing angle XRD (2 scan,  = 1.626).
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together and reach to maximum with annealing at 300 ºC. When annealing above
300 ºC, the intensities of polycrystalline and epitaxial NiGe domains remain
constant, which means that the polycrystalline and epitaxial domains do not
transform mutually, namely, both domains are thermally stable.
On the other hand, for the samples with a native oxide layer, as shown in Fig.
3.6(b), in the case of low annealing temperature (200  220 ºC), the epitaxial
NiGe growth is dominant, since the normalized intensity of epitaxial NiGe
domains is very high compared with those of the polycrystalline NiGe domain.
On the other hand, the polycrystalline growth becomes dominant at high
annealing temperature, since the intensities of the polycrystalline NiGe domain
increase, whereas the intensity of the epitaxial NiGe domain is nearly zero. These
results indicate that a low annealing temperature favors the formation of epitaxial
NiGe.

3.3.3 Morphology stability of Ni germanide layers
Figures 3.7(a) - 3.7(h) show AFM images of Ni germanide surfaces for the
samples with and without a native oxide layer after annealing at 220 - 550 C. For
the samples with a native oxide layer from low to high annealing temperature, the
morphology of the Ni germanide surface changes from uniform to rugged
topography, as shown in Figs. 3.7(a) - 3.7(c). The corresponding root-mean-square
(RMS) roughness increases from 1.4 to 2.8 nm, as shown in Fig. 3.8. This result
indicates that the surface of the NiGe layer keeps getting rough with the increase
in the annealing temperature. We consider that the polycrystalline growth gives
rise to this surface roughness degradation. As discussed previously with XRD
results shown in Fig. 3.6(b), the growth of polycrystalline NiGe gradually
becomes dominant with the increase in the annealing temperature, namely, the
fraction of the polycrystalline NiGe domain increases, hence, the surface of the Ni
germanide layer degrades, since a polycrystalline NiGe layer is generally rough
compared with an epitaxial NiGe layer. When annealed at 550 ºC, the surface
becomes discontinuous as shown in Fig. 3.7(d), and the RMS value becomes
extremely large so that it could not be shown in Fig. 3.8, which indicates that the
agglomeration of the Ni germanide layer occurs.
For the sample without a native oxide layer annealed at the temperature
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Figure 3.7 AFM images showing the evolution of surface morphology of Ni
germanides with increasing annealing temperature. Samples with a native oxide
layer: (a) 220, (b) 300, (c) 350, and (d) 550 ºC. Samples without a native oxide
layer: (e) 220, (f) 300, (g) 350, and (h) 450 ºC.
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ranging from 200 – 250 ºC, the corresponding RMS values are nearly not different
from those of the samples without a native oxide layer. When annealed at 300 ºC,
the surface becomes flat compared with the samples annealed at 220 and 250 ºC,
and the RMS value decreases from 1.9 to 1.0 nm. We consider that this
improvement in the surface roughness is due to the formation of the epitaxial
NiGe layer. As discussed previously in Fig. 3.6(a), the fraction of the epitaxial
NiGe domain reaches to maximum, which contributes to the flat surface. When
annealed at 350 and 450 ºC, the RMS value increases again, and the AFM image
shows that the layer structure of the Ni germanide becomes discontinuous, as
indicated by the black region in Figs. 3.7(g) and 3.7(h). This result indicates that
the agglomeration of Ni germanide layer occurs with annealing above 350 ºC.

3.3.4 Crystalline quality of epitaxial NiGe(100)/Ge(110)
Figure 3.9 shows the reciprocal lattice points of NiGe 4 1 0 in X-ray
diffraction two-dimensional reciprocal space map (XRD-2DRSM) for the samples
annealed at 250 - 450 ºC with thermal cleaning. The intensity of NiGe 4 1 0
reciprocal lattice point for the sample annealing at low temperature (250 ºC and
300 ºC) is weak, compared with those of samples annealed at 350 - 450 ºC. In
addition, the intensities of those samples annealed at 350 - 450 ºC hardly have
difference. This result suggests that the epitaxial formation of NiGe layer have
already started when annealing temperature is 250 ºC, although the epitaxial
formation is incomplete. And the annealing temperature 350 ºC is high enough for
completing the epitaxial formation.
On the other hand, the full width at half maximum (FWHM) of NiGe 410
reciprocal lattice point is wide for the sample annealed at low temperature,
particularly for the one annealed at 250 ºC, as shown in Figure 3.9(a). Whereas,
the NiGe 410 reciprocal lattice point is concentrated when the annealing process
is conducted at 350 - 450 ºC, as shown in Figure 3.9(c) and 3.9(d). This evolution
of NiGe 4 1 0 reciprocal lattice point from scattering to concentrated with the
increase of the annealing temperature is clearly shown by the variation of the
FWHM in the projected intensity of XRD-2DRSM to omega axis, as shown in
Figure 3.10. This result shows that epitaxial domains are not formed uniformly at
a low temperature, the lattice of epitaxial domains are tilted with a small deviation
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Figure 3.9 Reciprocal lattice points of NiGe(4 1 0) of XRD-2DRSM for the
NiGe/Ge samples annealed at (a) 250 ºC, (b) 300 ºC, (c) 350 ºC, and (d) 450 ºC.
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Figure 3.10 Projected intensity to omega axis, based on the XRD-2DRSM as
shown in Figure 3.9.
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angle, take the sample annealed at 250 ºC for example, the deviation angle of the
tilted epitaxial domains is estimated to be about

2º.

Next, we talk about the crystalline structures of epitaxial NiGe layer and
Ge(110) substrate before discussion about the dependence of crystalline quality of
epitaxial NiGe layer on the annealing temperature. As mentioned in section 3.3.1,
for the sample with thermal cleaning, the orientation relationship between
epitaxial NiGe layer and Ge(110) substrate is NiGe(100) // Ge(110), NiGe[001] //
Ge[001] and NiGe[010] // Ge[110], and the corresponding atomic arrangements
of epitaxial NiGe(100) and Ge(110) substrate projected in the normal direction are
found to be very similar, both of them have a hexagonal-like structure, as shown
in Figure 3.11. This similarity in the crystalline structure is expected to contribute
to a low surface energy, hence gives rise to the epitaxial formation of NiGe layer.
However, in terms of misfit strain (epitaxial NiGe suffered), the value is
theoretically calculated to be -1.7% (compressive strain) in the direction
NiGe[001] // Ge[001], whereas, that is as large as 17.6% (tensile) in the direction
NiGe[010] // Ge[110]. This large uniaxial misfit strain might lead to a stripped
island growth, the stripped island has a long axis in the strain free direction
NiGe[001] // Ge[001], while the short axis is along the large strain direction
NiGe[010] // Ge[ 1 10]. This stripped island growth is proven indirectly by a
stripped surface topography, as shown in an AFM image (Figure 3.12(a)), the
topography has a long axis along the direction NiGe[001], and a short axis along
the direction NiGe(010), which is consistent with the misfit strain environment as
discussed previously.
On the other hand, when the annealing temperature is low, the formed
epitaxial layer is very thin, in this case, it is possible for stress relaxation through
a tilting of the epitaxial domain in the direction NiGe[010], the tilting schematic
diagram is shown in Figure 3.12(b), thus the diffraction profile of the NiGe 410
reciprocal lattice point has a broad FWHM, as shown in Figure 3.12(c). When the
annealing temperature is high, the atomic migration becomes much easier, which
might contribute to a uniform epitaxial formation. Another reason for this uniform
epitaxial formation might be that a relaxed epitaxial layer has already formed
initially due to the large strain, then the subsequentially epitaxial formation is
completed on this relaxed epitaxial layer, thus a uniform epitaxial layer is formed.
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Figure 3.12 (a) AFM image with a stripped topography aligning along NiGe[001]
direction, the sample is annealed at 220 ºC for 10 min. (b) Schematic diagram to
show the tilting of epitaxial domains due to tensile strain in NiGe[010] direction.
(c) XRD-2DRSM of NiGe 410 for the sample NiGe(100)//Ge(110) annealed at
250 ºC.
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3.4 Conclusions
We investigated the effect of thermal cleaning of the Ge surface before Ni
deposition on the formation and crystalline structure of Ni germanide layers on
Ge(110) substrate. The surface cleaning of the Ge substrate in a UHV chamber
removes a very thin native oxide layer and provides a clean Ge surface. Although
a partially epitaxial NiGe layer is formed on the Ge(110) substrate regardless of
with and without a native oxide layer, the crystalline orientation relationships
between epitaxial domains of Ni germanides and the Ge(110) substrate are
strongly affected by the native oxide layer. For the samples with a native oxide
layer, the orientation relationships are NiGe(102) // Ge(110) and NiGe[010] //
Ge[001], while those are NiGe(100) // Ge(110) and NiGe[001] // Ge[001] for the
samples without a native oxide layer. We also found that the growths of epitaxial
and polycrystalline Ni germanides depend on the annealing temperature. For the
samples without a native oxide layer, the growth of the epitaxial domain is
coincident with that of the polycrystalline domain. The growths of polycrystalline
and epitaxial domains are restrained at an annealing temperature lower than 250
C, and they grow together at an annealing temperature higher than 300 C. For
the samples with a native oxide layer, a low annealing temperature of 200 C
favors the epitaxial growth, which is replaced by polycrystalline growth at a high
annealing temperature of above 275 C. Generally, compared with the samples
with a native oxide layer, the samples without a native oxide layer present good
surface roughness, but the thermal stability is poor. In addition, we also found the
crystalline quality of epitaxial NiGe domain depends on the annealing temperature,
when annealed at low temperature, epitaxial domains are not formed uniformly,
the epitaxial domains are tilted with a small deviation angle, whereas, high
temperature annealing could achieve a uniform epitaxial layer.
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4 Epitaxial formation of Ni germanide on Ge(001) substrate
by reactive deposition
4.1 Background
As the dimensional scaling of complementary metal-oxide-semiconductor
(CMOS) devices shrinks deeper into nanometer order, the source/drain contact
faces numerous new challenges besides controlling of the series resistance within
tolerable limits [1]. One of the challenges is to control the crystalline structure of
contact materials [2], including the homogeneity of crystalline structure and
crystalline orientation. Because once contact dimension of nanometer technology
devices scales down to a magnitude of grain size of contact materials, a variability
of crystalline orientation of grains in metal contact materials may give rise to a
unignorable variation of the work function [3] and morphology stability [4].
Particularly in the case that the contact material has strong anisotropic properties,
the problem of electrical fluctuation and non-reproducibility for each source and
drain regions will occur by using a polycrystalline material as contact layer.
Therefore, the contact layer with polycrystalline structure may be not suitable for
such nanometer technology electronic devices, and the formation of an epitaxial
contact layer and control of its relative orientations are quite required.
Compared with the epitaxial formation of silicide on silicon substrate, the
epitaxial formation of germanide on germanium (Ge) substrate is much more
difficult, since there are few germanide materials with good lattice match with the
diamond structure of Ge. In previous studies, reactive deposition method has been
successfully conducted to form epitaxial cobalt [5] and nickel germanide [6]
layers on Ge(001) in an ultrahigh vacuum (UHV) chamber equipped with in-situ
transmission electron microscope (TEM), with which the nucleation, island
growth, and coalescence of epitaxial germanide are clarified. However, these
epitaxial formations observed with in-situ TEM cannot represent the general
germanide formation on bulk Ge substrate, since the thickness of Ge(001)
specimen for in-situ UHV-TEM is very thin so as to allow the electron beam
penetrate through the Ge specimen, which would result in the difference of
germanidation on this thin Ge specimen from that happened on bulk Ge substrate.
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Moreover, this observation of epitaxial formation by TEM cannot represent the
whole germanidation area due to the limitation of observation field of TEM.
Considering the requirement of nanoscale Ge MOS field effect transistor
(MOSFET), nickel monogermanide (NiGe) is thought as one of the most
promising contact materials because of its low resistivity (approximately 22
μΩ·cm), low formation temperature (as low as 350 ºC), final stable phase in NiGe binary alloy system, and low Ge consumption for germanide formation [7].
Previously, we found a NiGe epitaxial layer could be formed on Ge(110) substrate
by solid phase reaction, but the crystalline structure of a NiGe layer formed on
Ge(001) substrate is generally polycrystalline [8-10]. In this study, we adapt the
reactive deposition method to form epitaxial NiGe on bulk Ge(001) substrate, the
effect of thickness of reactive deposited NiGe layer on its epitaxial formation has
been investigated, and the growth mechanism is also further discussed. In addition,
we propose and demonstrate the 2-step deposition method to form a thick and
uniform NiGe epitaxial layer on Ge(001) substrate.

4.2 Experiment
Substrate used was an n-type Ge(001) wafer with a resistivity of 2.0 Ω·cm. A
Ge substrate was cleaned by dipping in a diluted HF solution and rinsing in
deionized water repeatedly for five times in order to remove contaminations and a
surface oxide layer. After wet chemical cleaning, the Ge substrate was
immediately introduced into an UHV chamber whose base pressure was below
2.510-5 Pa. Thermal cleaning was performed at 550 ºC for 30 min in the UHV
chamber to remove native oxide layer. A 5–20-nm-thick-Ni layer monitored with
a thickness meter was reactively deposited using electron beam evaporation at a
substrate temperature of 350 ºC.
We also prepared a sample with 2-steps of NiGe reactive deposition and Ni
germanidation as follows in order to investigate the epitaxial growth mechanism.
After the reactive deposition of a 5 nm-thick Ni layer at 350 ºC, a 15 nm-thick Ni
layer was additionally deposited at room temperature, then, this sample was taken
out in atmosphere and annealed at 350 ºC for 30 s in N2 ambient using rapid
thermal annealing (RTA) system.
In-situ reflection high energy electron diffraction (RHEED) with an electron
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energy of 26 keV was used to investigate the crystalline structure of reactive
deposited Ni germanide. Grazing angle X-ray diffraction (XRD) (2 scan,  =
1.626) and out-of-plane XRD (2/ scan) using a Cu Kα source were further
performed to confirm the crystalline structure of Ni germanide layers. The crosssectional transmission electron microscopy (XTEM) and transmission electron
diffraction (TED) were also performed to observe interfacial crystalline structure,
and to clarify the orientation relationship of Ni germanide with respect to Ge
substrate, respectively. The surface morphology and roughness were observed
with atomic force microscopy (AFM).

4.3 Results and discussion
4.3.1 Epitaxial formation of Ni germanide by reactive deposition
Figures 4.1(a) – 4.1(d) show the in-situ RHEED patterns associated with
each process from chemical cleaning to reactive deposition. After transferring of
chemical cleaned sample into a UHV chamber, the RHEED pattern is unclear, and
only the first order streak pattern corresponding to Ge(110) plane is observed, as
indicated by the solid arrow in Fig. 4.1(a). This unclear pattern is considered to be
due to the formation of a native oxide layer on the surface of Ge(001) substrate
during the transferring from atmosphere to UHV chamber [11, 12]. Fig. 4.1(b)
shows the RHEED pattern after thermal cleaning at 550 ºC for 30 min, the first
order streak pattern from Ge(110) plane becomes obviously clear compared with
that in Fig. 4.1(a), and the additional secondary order streak pattern appears, as
indicated by dot arrow. This result means that a native oxide layer has been
completely removed by thermal cleaning in UHV, the subsequent reactive
deposition is conducted on a flat Ge(001) surface without any contamination.
Figure 4.1(c) shows the RHEED pattern after the reactive deposition of an
11-nm thick NiGe layer at 350 ºC. This RHEED pattern also shows a typical
streak pattern, although it is quite different from that of Ge(001) clean surface
after thermal cleaning. The lattice constant estimated from the spacing of the
streak pattern was about 0.286 nm, which is identified to be NiGe 110 reflection.
This result suggests that an epitaxial NiGe layer is formed on Ge(001), and the
growth mode is two-dimension growth.
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Figure 4.1 RHEED patterns correspond to various processes: (a) After the
transferring of chemical cleaned sample from atmosphere to UHV chamber; (b)
After thermal cleaning at 550 ºC for 30min; (c) After 11 nm NiGe layer is formed
by reactive deposition at 350 ºC; (d) After 22 nm NiGe layer is formed by reactive
deposition at 350 ºC.
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However, here, we have to emphasis two points. One is that this clear streak
pattern is observed once the deposition shutter is opened, which indicates that an
epitaxial NiGe layer is formed at 350 ºC on Ge directly without any initial
formation of Ni-rich germanides, such as Ni5Ge3 [10, 13] and Ni2Ge [14, 15].
This direct formation of epitaxial NiGe without other transition phase is consistent
with the previous investigation by in-situ UHV-TEM [6]. Another point is that the
clear streak pattern disappears once the thickness of this NiGe layer reaches to 22
nm, spot and ring patterns appear simultaneously as shown in Fig. 4.1(d), which
indicates that the surface become rough, the growth mode turns to threedimension (3-D) growth, and polycrystalline domain grows with epitaxial domain
together. This result reveals that the thickness of NiGe layer is a key factor to
determine the formation model (epitaxial formation or polycrystalline formation),
and the critical thickness for the transition from epitaxial to polycrystalline
formation is about 22 nm.
Generally, grazing angle XRD is used to detect the polycrystalline structure
of thin film, while out-of-plane XRD, which shows us the diffraction plane of film
parallel to the surface of substrate, is used to detect the epitaxial growth. Figures
4.2(a) and 4.2(b) show the grazing angle XRD and out-of-plane XRD profiles,
respectively, corresponding to the samples as mentioned previously. The
crystalline structure of epitaxial NiGe is clarified besides the thickness
dependence of epitaxial formation. As for the sample with an 11 nm-thick NiGe
layer prepared with reactive deposition, no diffraction peak is observed except a
diffraction peak related to Ge311 in the grazing angle XRD. However, in the outof-plane XRD profile, we can observe a weak (because the film is as thin as 11nm)
but visible diffraction peak at 34.57°, which is identified to be NiGe111, meaning
a NiGe layer is epitaxially formed. This orientation relationship with Ge substrate
is NiGe(111) // Ge(001), while Nath et al [6] reported that the orientation
relationship was NiGe( 101 ) // Ge(001) in an in-situ UHV-TEM study. We
consider that this difference might be due to the condition of Ge substrate, the
thickness of Ge(001) substrate in Nath’s study is very thin, since the TEM
observation requires that the specimen should be as thin as a few hundred
nanometers [16]. On the other hand the thickness of Ge(001) substrate used in this
study was as thick as 400 μm.
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Figure 4.2 (a) Grazing angle XRD (2 scan,  = 1.626), (b) Out-of-plane XRD
(2 / scan) for the samples after various treatments: i. After the formation of 11
nm NiGe layer by reactive deposition; ii. After the formation of 22 nm NiGe layer
by reactive deposition; iii. After the formation of 45 nm NiGe layer by reactive
deposition; iv. After the formation of 45 nm NiGe layer by 2-steps deposition
combined with annealing by RTA.
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4.3.2 Thickness dependence of epitaxial formation
For the sample prepared with the reactive deposition of a 45 nm-thick NiGe
layer, various diffraction peaks corresponding to NiGe111, 210, 112, and 211 are
observed in the grazing angle XRD, while the diffraction peak of NiGe111 is also
observed in out-of-plane XRD, this result suggests the polycrystalline and
epitaxial domain coexist. By comparison of the peak area of NiGe111 from the
grazing angle XRD and out-of-plane XRD, we roughly expect that the amount of
epitaxial domain is similar with that of polycrystalline domain (the normalized
peak area of NiGe111 from grazing angle XRD is 2.8103, while that from out-ofplane XRD is 2.5103).
The evolution of surface morphology with the thickness of reactive deposited
NiGe layer from 11 nm to 45 nm was investigated with AFM observation. Figure
4.3(a) shows the AFM image of reactive deposited sample with an 11 nm-thick
NiGe layer, a uniform island-like surface is observed, and the root mean square
(RMS) roughness was estimated to be 1.8 nm. Figure 4.3(b) shows the AFM
image of the reactive deposited sample with a 22 nm-thick NiGe layer, the islands
also distribute uniformly on the surface, although the islands grow up which was
characterized by the large lateral length and height compared with those of 11 nmthick NiGe sample, as shown in the height profiles below the AFM images.
Moreover, the RMS roughness also increases to 2.4 nm. Figure 4.3(c) shows the
AFM image of the reactive deposited sample with a 45 nm-thick NiGe layer, the
corresponding RMS roughness was estimated to be as large as 10.9 nm, and two
distinctive morphologies are simultaneously observed on the surface, one is
chrysanthemum-like topography, and another is flat topography which has a clear
boundary with chrysanthemum-like topography, as marked with solid border line.
We consider those two distinctive morphologies are contributed by polycrystalline
and epitaxial domains, the chrysanthemum-like topography corresponds to
polycrystalline domain, while the flat localized topography is related to the
epitaxial domain, because epitaxial layer is generally known to be flat compared
with polycrystalline layer.
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Figure 4.3 AFM images correspond to various processes: (a) After the formation
of 11 nm NiGe layer by reactive deposition; (c) After the formation of 22 nm
NiGe layer by reactive deposition; (c) After the formation of 45 nm NiGe layer by
reactive deposition; (d) After the formation of 45 nm NiGe layer by 2-steps
deposition combined with annealing by RTA.
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4.3.3 Improvement of epitaxial formation by 2-steps deposition
Next, we demonstrate a way to avoid polycrystalline NiGe growth even
when the thickness of reactive deposited Ni is over the critical thickness. A 15
nm-Ni layer was subsequently deposited at room temperature after the formation
of an 11 nm-thick epitaxial NiGe layer by reactive deposition method. We name
this sample as 2-steps deposition sample. Then, a thermal annealing at 350 ºC for
30 s in N2 ambient was performed for germanidation by RTA. The out-of-plane
XRD, AFM, and TEM observation were used to confirm a complete formation of
an epitaxial NiGe layer.
As shown in Fig. 4.2(b) and Fig. 4.3(d) respectively, a strong diffraction
peak related to NiGe111 and a flat surface (RMS is 1.4 nm) are observed for the
2-steps deposition sample after annealing, compared to the reactive deposited
sample with a 45 nm-thick NiGe layer. This result indicates that an epitaxial NiGe
layer with high quality is formed, which is further confirmed by TEM observation.
Figure 4.4(a) shows the XTEM image of the 2-steps deposited sample after
thermal annealing, a single layer with smooth interface for a wide area is observed.
In the high resolution TEM image, as shown in Fig. 4.4(b), the lattice spacing in
NiGe layer is estimated to be 0.26 nm, which is identified to be the lattice planes
of NiGe111. This well-resolved lattice plane extends throughout the entire NiGe
layer, which reveals that the high crystalline quality of the NiGe epitaxial layer
was achieved by 2-steps deposition combined with solid phase reaction. Figure
4.4(c) shows the TED pattern of this sample. Only the spot pattern is observed,
and no ring pattern associated with polycrystalline structure is observed. And the
orientation relationships between epitaxial NiGe and Ge(001) substrate, deduced
from these patterns, is NiGe(111) // Ge(001) and NiGe[011] // Ge[110].

4.3.4 Discussion about the epitaxial formation mechanism
Before the discussion about the promotion of epitaxial formation by 2-steps
deposition, we discuss about the Ni germanide formation with reactive deposition
firstly. As mentioned previously, an epitaxial NiGe layer is formed directly on
Ge(001) by reactive deposition method, before which no Ni-rich germanide is
formed. This result suggests that the dominant diffusion species are Ge atoms
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Figure 4.4 Cross-sectional morphology and crystalline structure of the 2-steps
deposited sample after annealing at 350 ºC for 30s by RTA: (a) cross-sectional
TEM image, (b) high-resolution image, (c) TED pattern.
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during the reactive deposition, because generally the first phase is known to be
Ni-rich germanide if Ni atoms are the dominant diffusion species [17-19].
Moreover, the transition of in-situ RHEED pattern from typical streak pattern to a
mixture pattern of ring and spot also support this conclusion indirectly. Assuming
the dominate diffusion species are Ni atoms, the crystallization front should be at
the interface between NiGe and Ge substrate, rather than at the surface. It means
that the in-situ RHEED pattern should have kept exhibiting the characterization of
the surface either the previously formed epitaxial NiGe layer or the residual Ni
layer, in other words, RHEED pattern should not have changed even though the
polycrystalline is formed at the NiGe/Ge interface, since the formed
polycrystalline is located beneath the initially formed epitaxial NiGe layer under
this assumption.
As for the thickness limitation of epitaxial formation, the misfit strain and 3D growth mode should take the responsibility. As mentioned in the TED pattern,
the misfit of the lattice spacings of NiGe[101] and Ge[010] is as large as 7%, it
makes sense that the strain increases with the growth of epitaxial layer, once the
thickness reaches to a certain value, the strain in the epitaxial layer becomes so
large that strain relaxation will occur, which may induce the polycrystalline
growth. On the other hand, the 3-D growth mode might cause a rugged surface.
The lower-lying area in this rugged surface might be the origin of the
polycrystalline nucleation.
As for the case of 2-steps deposition, the dominant diffusion species are Ge
atoms during the reactive deposition, as mentioned before. In contrast, the
dominant diffusion species turn to Ni atoms during the thermal annealing of 2steps deposition sample, because a large amount of Ni atoms are already
deposited on the epitaxial NiGe template layer before annealing. That has been
confirmed in general solid-phase reaction of Ni/Ge system [18]. And the preformed epitaxial NiGe plays a role of single crystal seed to induce the epitaxial
formation, hence polycrystalline growth is effectively suppressed.

4.4 Conclusions
We have investigated the crystalline structure of an epitaxial NiGe layer on
Ge(001) substrate prepared by reactive deposition method. The corresponding
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orientation relationship with Ge(001) substrate is NiGe(111) // Ge(001) and
NiGe[0 1 1] // Ge[11 0 ]. We found the thickness of NiGe layer prepared in the
reactive deposition method is a key factor to form epitaxial germanide layer, once
the thickness of epitaxial NiGe layer reaches to as thick as 22 nm, the
polycrystalline NiGe formation would occur. We proposed a 2-steps deposition
method combined with solid phase reaction in order to suppress the
polycrystalline formation, and a 45 nm-thick epitaxial NiGe layer on Ge(001)
substrate with atomically flat interface and uniformity was successfully achieved.
Furthermore, the evolution of in-situ RHEED pattern from the streak to ring
pattern reveals the crystallization front during the reactive deposition is on the
surface of NiGe layer, in other words, the dominant diffusion species are Ge
atoms during the reactive deposition, while the promotion of epitaxial formation
by 2-steps deposition with post annealing gives an evidence that the
crystallization front is at the interface between epitaxial NiGe and Ge(001)
substrate, thus the dominant diffusion species are Ni atoms for the solid phase
reaction. 2-steps deposition method realizes the high quality epitaxial
NiGe/Ge(001) contact with atomically flat and uniform interface, and that
promises suppressing the variability of electronic properties in nanoscale contacts
in Ge nanoelectronic integrated devices.
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5 Electrical properties of NiGe/Ge contacts
5.1 Background
Owing to its high mobilities for both electron and hole [1, 2], germanium
(Ge) is expected as one of the promising channel materials to replace silicon (Si)
in complementary metal-oxide-semiconductor (COMS) devices. However,
parasitic resistance is one of the critical issues for the application of Ge COMS,
since it degrades the drive current and increases the power consumption especially
when the scaling technology proceeds deeper [3, 4]. The main parasitic resistance
component is contact resistance at the metal/heavily doped Source/Drain interface
[3, 5, 6], which is exponentially proportional to Schottky barrier height (SBH).
Thus, controlling SBH is indispensable to reduce the contact resistivity for
developing high performance Ge COMS.
Since strong Fermi level pining (FLP) occurs at the charge neutrality level,
which is close to the valence band edge in the case of Ge [7], the rectifying
characteristics, rather than Ohmic characteristics, are always experimentally
observed for a variety of metals or metallic/n-type Ge contact, the corresponding
SBH are estimated to be very high [8], and are hardly controlled by the metal
work function.
Although a large amount of reports discussed the origin of FLP, the detail has
not yet been clarified. Nishimura et al. [9] attributed this strong FLP to metalinduced gap states (MIGS) at metal/Ge interface, which is formed by the
penetration of the free electron wave function from metal to substrate. This MIGS
theory is indirectly supported by the fact that the FLP could be effectively
alleviated by inserting an ultra-thin interlayer between metal and Ge substrate,
e.g., Al2O3 [10], Ge3N4 [11], or SiN [12]. Such intrinsic contribution to FLP
suggests that the pinning level is hardly modulated by annealing in forming gas,
forming metal-germanide/Ge interfaces, or changing the substrate orientation.
However, our group [13] found the SBH of Mn germanide/n-type Ge(111)
contact with epitaxial structure is as much as 0.26 eV lower than that of Mn
germanide/Ge(001) contact with polycrystalline structure. Moreover, Yamane et
al. [14] examined that the FLP is apparently modified by the atomically controlled
epitaxial Fe3Si/Ge(111) interfaces compared with the disordered interfaces. These
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results could not be explained only by MIGS theory, but we can tentatively regard
these alleviations of FLP as a consequence of the reduction of the density of
interface states such as dangling bonds or disorders.
Previously, we proposed some effective methods to control the crystalline
structures of NiGe layers on Ge substrate (for detail, recommend to refer to
Chapter 3 and 4). The solid phase reaction contributes to the epitaxial formation
of NiGe on Ge(110) substrate, while polycrystalline formation on Ge(001)
substrate [15]. On the contrary, the reactive deposition leads to an epitaxial
formation of NiGe on Ge(001) substrate, while the polycrystalline formation on
Ge(110) substrate. In this study, we investigated the electrical properties of
various NiGe/n-type Ge contacts with different crystalline structures. By
considering interface states at the NiGe/Ge interface, the effect of extrinsic factors
such as dangling bonds and disorder on the FLP has been discussed. And our
results give us a hint that it can realize further low SBH for n-type Ge if a
completely atomic matching is obtained.

5.2 Experiment
The substrates used are n-type Ge(110) and Ge(001) with donor
concentrations of 3.5 – 6.0×1016 and 3.5 – 6.0×1014 cm-3, respectively. The Ge
wafers were cleaned by dipping in a diluted HF solution and rinsing in deionized
water repeatedly for five times in order to remove contaminations and a surface
oxide layer.
After wet cleaning, the Ge wafer was exposed to the atmosphere and
immediately introduced into an ultra-high-vacuum (UHV) chamber whose base
pressure was below 2.510-5 Pa. Note that a native oxide layer was formed during
the introduction of the sample from the atmosphere to the UHV chamber. Thermal
cleaning was performed at 550 ºC for 30 min in the UHV chamber to remove the
native oxide layer for some samples. Some samples were not treated with thermal
cleaning. A 20-nm-thick Ni layer was deposited by e-beam evaporation at room
temperature. Then, the samples were exposed to the atmosphere and annealed in a
furnace chamber at 350 ºC for 30 s in N2 ambient for germanidation. In this solid
phase reaction method, an epitaxial NiGe layer with the orientation relationship of
NiGe(100) // Ge(110) and NiGe[001] // Ge[001] was obtained for the sample with
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thermal cleaning. While, for the sample without thermal cleaning, another
epitaxial NiGe layer with different orientation relationship was obtained, the
orientation relationship of this epitaxial NiGe layer is NiGe(102) // Ge(110),
NiGe[010] // Ge[001]. In addition, the polycrystalline formation happened for the
Ni/Ge(001) system regardless of the thermal cleaning process.
In terms of the reactive deposition method, a 5 – 20-nm-thick-Ni layer was
reactively deposited at 350 ºC after the wet cleaning and thermal cleaning, same
as those processes in solid phase reaction method. In this method, a
polycrystalline NiGe on Ge(110) substrate was prepared. On the other hand, an
epitaxial NiGe layer on Ge(001) substrate, with the orientation relationship of
NiGe(111) // Ge(001) and

NiGe[0 1 1] // Ge[11 0 ], was prepared with a

combination method (2-steps deposition + solid phase reaction). The detail is as
follows: After the reactive deposition of a 5 nm-thick Ni layer at 350 ºC on
Ge(001) substrate, a 15 nm-thick Ni layer was additionally deposited at room
temperature, then, this sample was taken out in atmosphere and annealed at 350
ºC for 30 s in N2 ambient using rapid thermal annealing (RTA) system.
To fabricate a Schottky diode, after the formation of NiGe layer on Ge
substrate, a top Al electrode was deposited in a conventional vacuum chamber by
resistance heating method, then the contact patterns with various diameters
(ϕ1000 – 100 μm) were formed by a photolithography process and an etching
process. Finally, a backside Al electrode was formed same as the top electrode.
Electrical properties were investigated by current density-voltage characteristics
(J-V) and capacitance-voltage characteristics (C-V).

5.3 Results and discussion
5.3.1 Evaluation of the edge leakage current
Before the discussion about the effect of crystalline structure of NiGe layer
on the electrical properties of NiGe/Ge contacts, we firstly talk about two general
components of the current flowing across the contact pattern, one is contact area
current, the other one is edge leakage current, because the accuracy of SBH
estimation with J-V method is directly associated with those two currents.
To evaluate the edge leakage current, J-V characteristics of epitaxial
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NiGe(111)/n-type Ge(001) contacts with various contact pattern dimensions were
measured. One typical J-V characteristic (pattern dimension is ϕ1000 μm),
measured at measurement temperatures of 235 - 300K, is shown in Figure 5.1(a).
This J-V characteristic exhibits a rectifying characteristic. And the corresponding
saturation current density Js is estimated by fitting the forward current density
with the thermionic emission current density equation [16],
exp

1

(5.1)

And the saturation current density Js is
∗

exp

(5.2)

where q is the elementary charge, V is the applied voltage, n is the ideality factor,
kB is the Boltzmann constant, T is the measurement temperature, J is the measured
current density, A* is the effective Richardson constant, ΦBn is the SBH.
On the other hand, assuming that (1) only the edge leakage current density JP
and area current density JA contribute to the saturation current density Js, and (2)
the parameters JP and JA are independent of the contact dimension, such as the
contact area A and the contact periphery P, thus the total saturation current Is is
given by
(5.3a)
By dividing the contact area A in both sides of Equation (5.3a), it yields that the
saturation current density Js has a linear relationship with the ratio of P/A
(5.3b)
Thus, through a plot of the saturation current density Js versus P/A, the area
current density JA could be extracted by the intercept on the saturation current
density axis, while the edge leakage current density JP could be given by the slope.
Figure 5.1(b) shows the plot of the saturation current density Js versus P/A
for various measurement temperatures, the estimated edge leakage current JP and
the area current density JA are summarized in Table 5.1. Generally, the edge
leakage current JP is several orders of magnitude smaller than the area current
density JA, e.g., for the measuring temperature at 294 K, the area current density
JA is estimated to be 6.2×10-4 A/cm2, whereas, the edge leakage current density JP
is 3.4×10-6 A/cm2, two orders of magnitude smaller than the area current density
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Figure 5.1 (a) J-V characteristics of epitaxial NiGe(111)/n-type Ge(001) contact
measured at 235, 250, 267, 286, and 300 K; (b) Saturation current density as a
function of the ratio of contact pattern’s periphery and area in order to deduce the
current flowing through the edge and area.
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Figure 5.2 The left axis corresponds to the Arrhenius plot of ln(Js/T2) versus
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JA. This result indicates the edge leakage current density JP is negligibly small,
and hardly affects the total saturation current density Js, thus the estimated SBH
by this method is reliable.
Table 5.1 Summary of the estimated edge leakage current density JP and the area
current density JA for the NiGe(111)/n-type Ge(001) contact.
Current density component 222 K
2

-10

235 K

250 K

267 K

286 K

294 K

-9

-8

-7

-6

-6

-6

-6

-5

-4

-4

JP (A/cm )

5.9×10

JA (A/cm )

2.7×10 1.0×10 6.0×10 4.4×10 2.6×10 6.2×10

2

5.4×10 4.5×10 2.9×10 2.1×10 3.4×10

-7

5.3.2 Uniformity of SBH distribution in the whole contact area
Figure 5.2 shows the Arrhenius plots of ln(Js/T2) as a function of 1000/T for
the NiGe(111)/n-type Ge(001) contacts, and the ideality factors extracted by
fitting the forward current density with the thermionic emission current density
equation are also shown. The ideality factors are nearly close to 1, which suggests
that thermionic emission current is the dominant conduction mechanism. Based
on the estimated edge leakage current density JP and the area current density JA as
listed in Table 5.1, the SBHs of contact area and contact edge, estimated by
extracting the slopes in the Arrhenius plot, are 0.57 (red line) and 0.63 (blue line)
eV, respectively. Those two similar SBHs suggest that the currents flowing
through the contact area and through the contact periphery are nearly equivalent.
In addition, the SBH for NiGe(111)/n-type Ge(001) contacts with various
contact pattern dimensions (only four kinds of dimensions are shown in Figure 5.2)
are also estimated, the estimated SBH are 0.57 – 0.62 eV for the contact pattern
dimension range from ϕ1000 – 100 μm, respectively, which are not nearly
different from each SBH. This result indicates that the SBHs are nearly not
dependent on the contact pattern dimension, namely, the SBH is uniformly
distributed in the whole contact area, including the edge.

5.3.3 The effect of defects in the depletion region on the electrical
properties of NiGe/n-type Ge contacts
Figures 5.3 - 5.6 show the J-V characteristics and the corresponding
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Arrhenius plots of various NiGe/Ge contacts with different crystalline structures
of NiGe layer. Figure 5.3 corresponds to an epitaxial NiGe(100)/n-type Ge(110)
contact, Figure 5.4 corresponds to an epitaxial NiGe(102)/n-type Ge(110) contact,
Figure 5.5 corresponds to a polycrystalline NiGe/n-type Ge(110) contact, and
Figure 5.6 corresponds to a polycrystalline NiGe/n-type Ge(001). All of those J-V
characteristics show the rectifying characteristics.
As mentioned in the section 5.3.1, the saturation current density Js is
extracted by fitting the forward current density with the thermionic emission
current density equation. Besides that, the saturation current density Js also could
be estimated by the reverse current density Jr, since the exp

section in

Equation (5.1) is nearly equal to zero when the applied voltage is negative, thus,
the saturation current density Js is equal to the reverse current density Jr, which is
described by the transformed Equation (5.4),
exp

1

(5.4)

In this study, we extracted the saturation current density Js at the reverse bias -0.2
V.
By comparison the extracted saturation current density Js from the reverse
current density and the forward current density in the Arrhenius plots of Figures
5.3(b) - 5.6(b) for various NiGe/n-type Ge contacts with different crystalline
structures of NiGe layer, the Js from the reverse current density is generally larger
than that from forward current density, moreover, the corresponding SBH base on
the Js from the reverse current density is also smaller than that based on the Js
from the forward current density, as summarized in Table 5.2. We consider that
this discrepancy is due to the defects locating at the depletion region. For the
reverse bias, the depletion width is longer than that for forward bias, take the
epitaxial NiGe(111)/n-type Ge(001) contact for an example, the estimated
depletion width (applied voltage V = -0.2 V) from C-V characteristics is about 1.4
μm, which is about 0.8 μm longer than that when the applied voltage is 0.2 V, as
shown in Figure 5.7. Thus the amount of defects for the reverse bias is more than
that for forward bias, those defects might cause the recombination current, thus
the Js from the reverse current density is generally larger than that from forward
current density, and the SBH is under estimated by the reverse current density.
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Figure 5.3 (a) J-V characteristics measured at 235, 250, 267, 286, and 300 K, (b)
the corresponding Arrhenius plot of epitaxial NiGe(100)/n-type Ge(110) contact.
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Figure 5.4 (a) J-V characteristics measured at 235, 250, 267, 286, and 300 K, (b)
the corresponding Arrhenius plot of epitaxial NiGe(102)/n-type Ge(110) contact.
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Figure 5.5 (a) J-V characteristics measured at 235, 250, 267, 286, and 300 K, (b)
the corresponding Arrhenius plot of polycrystalline NiGe/n-type Ge(110) contact.
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Figure 5.6 (a) J-V characteristics measured at 235, 250, 267, 286, and 300 K, (b)
the corresponding Arrhenius plot of polycrystalline NiGe/n-type Ge(001).
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Table 5.2 Summary of the SBHs of NiGe/n-type Ge contacts with different
crystalline structures.
Germanidation
SBH, eV SBH, eV
Sample
Crystalline structure
(n-type Ge)
method
(Forward) (Reverse)
Epi.
Ni/Ge(110) Solid phase reaction
0.42
0.36
NiGe(100)//Ge(110)
Ni/GeOx(thin)/
Epi.
Solid phase reaction
0.49
0.44
NiGe(102)//Ge(110)
Ge(110)
Ni/Ge(110)

Reactive deposition

Poly. NiGe/Ge(110)

0.57

0.54

Ni/Ge(001)

Solid phase reaction Poly. NiGe/Ge(001)

0.56

0.42

Ni/Ge(001)

Reactive deposition

Epi.
NiGe(111)//Ge(001)

0.57

0.36
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Figure 5.7 The energy band diagram of epitaxial NiGe(111)/n-type Ge(001)
contact under the forward bias (V = 0.2 V) and reverse bias (V = -0.2 V).
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5.3.4 The effect of crystalline structure of NiGe layer on the
electrical properties of NiGe/n-type Ge contacts
As discussed previously, the calculated SBH based on the reverse current
density is underestimated, thus the following mentioned SBHs is estimated based
on the forward current, if not specified. As summarized in Table 5.2, the SBHs of
the polycrystalline NiGe/n-type Ge contacts hardly depend on the orientation of
Ge substrate, the SBHs of the polycrystalline NiGe/n-type Ge(110) contact and
polycrystalline NiGe/n-type Ge(001) contact are estimated to be 0.57 eV and 0.56
eV, respectively. Whereas, the SBHs of the epitaxial NiGe/n-type Ge contacts
present a dependence on the crystalline structure of NiGe layer. For the epitaxial
NiGe(100)/n-type Ge(110) contact, the SBH is estimated to be 0.42 eV, which is
about 0.15 eV lower than that of the polycrystalline NiGe/n-type Ge contacts. The
epitaxial NiGe(102)/n-type Ge(110) contact has a medium SBH (0.49 eV), and the
epitaxial NiGe(111)/n-type Ge(001) contact shows a SBH as large as that of the
polycrystalline NiGe/n-type Ge contact.
Generally, it is reported that the SBH is hardly modulated by the extrinsic
factors, such as the germanide reaction, annealing ambient, and the orientation of
the Ge substrate, since the FLP is caused by MIGS, an intrinsic factor. However,
in this study, the distinctive modulation of SBHs through controlling the
crystalline structures of NiGe/n-type Ge contact could not only be explained by
the MIGS model.
We consider that this modulation of SBHs is a consequence of the variation
of the density of the interface states induced by the extrinsic factors, such as the
dangling bonds and defects. Figure 5.8 (a) shows the high resolution image of the
epitaxial NiGe(100) layer on Ge(110) substrate, the well-resolved lattice planes
are observed to extend throughout the entire NiGe layer, which reveals the high
crystalline quality of the epitaxial NiGe layer. Of importance, the NiGe 002 lattice
plane matches well with the Ge 002 lattice plane, and the misfit is as small as
approximately 2.4%. Therefore, we can expect that the density of the defects or
dangling bonds at the NiGe/Ge interface is much lower than that for
polycrystalline NiGe on Ge(001), thus, the FLP is alleviated for the epitaxial
NiGe(100)/n-type Ge(110) contact.
As for the epitaxial NiGe(102) on Ge(110) substrate, a high crystalline
- 97 -

Figure 5.8 High resolution images of the NiGe/Ge interface: (a) Epitaxial
NiGe(100)/Ge(110), (b) Epitaxial NiGe(102)/Ge(110), (c) Epitaxial
NiGe(111)//Ge(001).
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Figure 5.9 Atomic arrangement at the interface between epitaxial NiGe(111) layer
and Ge(001) substrate, projected from the Ge[110] direction.

- 99 -

quality of epitaxial layer is also observed in the high resolution image (Figure
5.8(b)), but many dislocations are found near to the interface, as indicated by the
“┴”. Those dislocations might induce the interface states, thus result in a relative
high SBH (0.49 eV), compared with that of the epitaxial NiGe(100)/n-type
Ge(110) contact.
Next, we discuss about the special case of the epitaxial NiGe(111)/n-type
Ge(001) contact. The estimated SBH is 0.57 eV, which nearly has no difference
from that of the polycrystalline NiGe/n-type Ge contact, even though the epitaxial
NiGe layer with good crystalline quality is formed, as shown in Figure 5.8(c).
However, it makes sense when inspecting the atomic arrangement at the interface
of epitaxial NiGe(111) and Ge(001) substrate, the corresponding schematic
diagram is shown in Figure 5.9. At the interface, the atoms in NiGe side nearly
has no match with the atoms in Ge substrate, thus the density of the dangling
bonds might have no difference from that of the polycrystalline NiGe/Ge
interface, in other words, the interface of epitaxial NiGe(111) and Ge(001)
substrate is equivalent to that of polycrystalline NiGe and Ge substrate, hence, the
FLP could not be alleviated like the other epitaxial case, and the SBH of epitaxial
NiGe(111)/n-type Ge(001) contact is similar with that of polycrystalline NiGe/ntype Ge contact.
Last, we have to note that besides the interfacial crystalline structure, the
orientation of epitaxial NiGe also has the possibility to affect the SBH, since NiGe
has a strong dependence of work functions m on the crystalline orientation. It is
reported that NiGe(100) surface has a work function of 4.37 eV [17], based on the
classical Schottky-Mott theory, the expected SBH for this work function is 0.37
eV, which is close to the estimated value 0.42 eV. Unfortunately, the work
functions of the NiGe(102) and (111) surface has not yet been investigated, it
needs further study in future.

5.3.5 Capacitance-Voltage characteristics of NiGe/Ge contacts
The SBHs for NiGe/n-type Ge contact were also estimated by capacitancevoltage (C-V) characteristics [18]. For a metal/n-type semiconductor with a
uniformly impurity concentration in semiconductor, the relationship between
capacitance C and applied voltage V is often given by
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(5.5)

Where q is the electronic charge, εs is the permittivity of semiconductor, ND is the
net donor concentration, Vbi is the built-in potential, kB is Boltzmann’s constant,
and T is the measuring temperature.
Based on this equation, the built-in potential Vbi could be extrapolated from
the intercept on the voltage axis in a plot of 1/C2 versus the applied voltage V,
moreover, the impurity concentration ND could be calculated by the slope of 1/C2
as a function of applied voltage V, the detail is as follows


(5.6)

On the other hand, according to the energy band diagram of
metal/semiconductor, the SBH is expressed by the sum of Vbi and Vn,
(5.7)
where Vn is the energy difference between Ec and EF of semiconductor, this
parameter is a function of the impurity concentration ND
ln

(5.8)

where NC is the effective density of states for free electron in the conduction band.
Therefore, combining Equations (5.6), (5.7), and (5.8), the Schottky barrier height
could be obtained.
Figures 5.10 – 5.13 show the C-V characteristics of NiGe/n-type Ge contacts
with various crystalline structures. All of those C-V characteristics exhibit a good
linear relationship of 1/C2 and reverse bias V, which means that the ionized donor
concentration ND is uniformly distributed in the depletion region. And the donor
concentrations ND (NiGe/n-type Ge(110) system if not specified) are estimated to
be approximately 2×1016 cm-3 regardless of the crystalline structures of NiGe
layers. Moreover, those estimated donor concentrations ND in the depletion region
have no difference with the specific donor concentration of the bulk Ge(110)
substrate (3.5 ~ 6×1016 cm-3) as mentioned in the experiment section. Those
results indicate that the germanidation hardly causes the segregation of the donor
impurities, and the donor concentrations keep the uniform distribution even after
annealing for the germanidation.
Besides the donor concentration ND, the SBH, Vbi, and Vn were also
estimated. As expressed in Equation (5.8), Vn has a linear function with the
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Figure 5.10 (a) The capacitance-voltage characteristics of epitaxial NiGe(100)/ntype Ge(110) contact, (b) The estimated parameters SBH, Vn, Vbi, and ND as a
function of measurement temperature.
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Figure 5.11 (a) The capacitance-voltage characteristics of epitaxial NiGe(102)/ntype Ge(110) contact, (b) The estimated parameters SBH, Vn, Vbi, and ND as a
function of measurement temperature.
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Figure 5.12 (a) The capacitance-voltage characteristics of polycrystalline NiGe/ntype Ge(110) contact, (b) The estimated parameters SBH, Vn, Vbi, and ND as a
function of measurement temperature.
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Figure 5.13 (a) The capacitance-voltage characteristics of epitaxial NiGe(111)/ntype Ge(001) contact, (b) The estimated parameters SBH, Vn, Vbi, and ND as a
function of measurement temperature.
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Figure 5.14 The plot of built-in potential Vbi versus Vn.

- 106 -

measurement temperature T, this temperature dependence of Vn is clearly shown
in Figures 5.10(b) – 5.13(b). On the other hand, theoretically, the SBH is
independent on the measuring temperature, and equals to the sum of Vn and Vbi.
Thus, Vn has a linear relationship with Vbi, and the slope of the Vbi versus Vn
equals to -1. However, in this study, the slope is approximately -2, even though a
good linear relationship is obtained, as shown in Figure 5.14. At present, the
reason of this deviation from the theory has not yet been clarified, we need further
investigation.

5.4 Conclusions
We have investigated the electrical properties of various NiGe/n-type Ge
contacts with different crystalline structures. The edge leakage current and contact
area current were evaluated. We found that the edge leakage current is nearly two
orders smaller than the contact area current, thus the edge leakage effect could be
neglected when estimating the SBH by J-V method. We also found that the SBHs
are hardly influenced by the dimensions of the contact pattern, namely, the SBH is
uniformly distributed in the whole contact area. We have successfully
demonstrated the modulation of FLP by controlling the crystalline structures of
NiGe layers. Compared with the polycrystalline NiGe/n-type Ge contacts, the
SBH is reduced by as large as 0.15 eV for the epitaxial NiGe(100)/n-type Ge(110)
contact. However, for an epitaxial NiGe(111)/n-type Ge(001) contact, the
estimated SBH has no difference from that of polycrystalline NiGe/n-type Ge
contact, even though the epitaxial NiGe layer with atomically smooth interface.
This distinctive modulation of SBH could not only be explained by MIGS model,
we consider that this modulation of SBHs is a consequence of the variation of the
density of the interface states induced by the extrinsic factors, such as the
dangling bonds and defects. And our results give us a hint that the modulation of
the SBH by controlling the crystalline structures is possible. To realize further low
SBH, a completely atomic matching at the metal/semiconductor interface is
required.
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6 Conclusion and future work
We have investigated the epitaxial formation and electrical properties of Ni
germanide/Ge contacts for the application of future highly scaled Ge-based
MOSFET. Epitaxial NiGe layers with atomically flat and uniform interface have
been explored not only on Ge(001) substrate but also on Ge(110) substrate. Those
epitaxial NiGe layers exhibit a potential application in the highly scaled Ge-based
MOSFET because of their promising thermal stability and morphological stability.
On the other hand, we have successfully demonstrated the alleviation of FLP by
controlling the crystalline structures of NiGe layers. Those works give rise to a
new hint that controlling the crystalline structure of metal layers enables one to
control the SBH of metal/Ge contacts, and the origin of FLP is not due to an
intrinsic factor, e.g. MIGS, but extrinsic factors such as dangling bonds and
disorders at the metal/Ge interfaces.
At first, we summarize the epitaxial formation of NiGe layer on Ge(001)
substrate. An epitaxial NiGe layer with an atomically flat and uniform interface is
achieved by a 2-steps deposition method (reactive deposition + subsequent room
temperature deposition), assisted with solid phase reaction method. And the
orientation relationship between the epitaxial NiGe layer and Ge(001) substrate is
NiGe(111) // Ge(001) and NiGe[011] // Ge[110].
We also discussed this epitaxial formation in detail. With the reactive
deposition method only, an epitaxial NiGe layer could be formed, but the
thickness of the epitaxial layer is limited to below 22 nm. Once over this critical
thickness, the polycrystalline NiGe formation occurs. Moreover, the interface
between the epitaxial NiGe layer and Ge(001) substrate is a little rough. Those
issues have been solved by the 2-steps deposition plus solid phase reaction as
mentioned in the last paragraph.
Here, we demonstrate the promotion of epitaxial formation by the 2-steps
deposition in detail. At first, a thin epitaxial NiGe layer is formed by reactive
deposition. Then, an additional Ni layer is deposited on the initially formed
epitaxial NiGe layer at room temperature. Subsequently, the complete
germanidation is performed by the post annealing, during the germanidation, the
initially formed epitaxial NiGe layer plays a role of single crystal seed to enhance
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the epitaxial formation.
The reason why the polycrystalline formation is suppressed by the 2-steps
deposition is also clarified. At first, we describe the polycrystalline formation
when the thickness of reactive deposited NiGe is over the limitation of epitaxial
formation. Ge atoms are found to be the dominant diffusion species during the
reactive deposition, it means that the crystallization front is on the surface of the
formed NiGe layer, rather than the interface between the formed NiGe layer and
Ge(001) substrate. On the other hand, the 2-D growth would transform to 3-D
growth with increase in the thickness of the reactively deposited NiGe layer, and
the surface would become rough. Relying on this rough surface, the
heterogeneous nucleation is easy to happen, thus the polycrystalline formation is
induced.
However, for the 2-steps deposition sample, during the subsequent
germanidation process, the dominant diffusion species are changed to be Ni
atoms, and the crystallization front is also changed to the interface of NiGe/Ge. In
this situation, the heterogeneous nucleation does not happen, and the initially
formed epitaxial NiGe plays a role of single crystal seeds to induce the epitaxial
formation, thus an epitaxial NiGe layer with high crystalline quality is achieved.
On the other hand, a partially epitaxial formation of NiGe layer on Ge(110)
substrate is also achieved by solid phase reaction. Of interesting, the orientation
relationship of the epitaxial NiGe domain with Ge(110) substrate could be
modulated by the surface condition of Ge substrate before Ni deposition. For the
samples with a clean surface, the Ni deposition is conducted on a clean Ge
substrate without any contaminations or native oxide layer, the orientation
relationships are NiGe(100) // Ge(110) and NiGe[001] // Ge[001], while those are
NiGe(102) // Ge(110) and NiGe[010] // Ge[001] for the samples with an ultra-thin
native oxide interlayer between the as-deposited Ni layer and Ge(110) substrate.
We also found that the growths of epitaxial and polycrystalline NiGe
domains depend on the annealing temperature. For the samples with clean surface,
the growth of the epitaxial domain is coincident with that of the polycrystalline
domain. The growths of polycrystalline and epitaxial domains are restrained at an
annealing temperature lower than 250 C, and they grow together at an annealing
temperature higher than 300 C. For the samples with an ultra-thin native oxide
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interlayer, a low annealing temperature of 200 C favors the epitaxial growth,
which is replaced by polycrystalline growth at a high annealing temperature of
above 275 C.
Next, we summarize the electrical properties of various NiGe/n-type Ge
contacts with different crystalline structures. We found that the SBH of NiGe/Ge
contact could be modulated by controlling the crystalline structures of NiGe layer.
Compared with the polycrystalline NiGe/n-type Ge contacts, the SBH is reduced
by as large as 0.15 eV for the epitaxial NiGe(100)/n-type Ge(110) contact.
However, for an epitaxial NiGe(111)/n-type Ge(001) contact, the estimated SBH
is not so low compared to that of the polycrystalline NiGe/n-type Ge contact with
the FLP case, even though the epitaxial NiGe layer with good crystalline quality is
formed. This distinctive modulation of SBH could not only be explained by MIGS
model. We consider that this modulation of SBHs is a consequence of the
variation of the density of the interface states induced by the extrinsic factors,
such as the dangling bonds and defects. And our results give us a hint that the
modulation of the SBH by controlling the crystalline structures is possible. To
realize further low SBH, a completely atomic matching is required.
In the future, a further study is needed to clarify the origin of the FLP and to
develop an Ohmic contact for the application of future highly scaled Ge-based
MOSFET. As for clarifying the origin of the FLP, we have to find a way to
quantify the defects or dangling bonds at the interface of NiGe/Ge, and further
discussion about the relationship between the SBH and the amount of the defects
or dangling bonds is also needed. In terms of developing an Ohmic contact, a new
material with a low work function, such as ytterbium germanide or hafnium
germanide, will be chosen at first. A co-deposition method might be performed to
promote the epitaxial formation.
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