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Abstract: Germanium (Ge) is a promising semiconductor as an alternative channel material to
enhance performance in scaled silicon (Si) field-effect transistor (FET) devices. The gate stack of
Ge FETs has been much improved based on extensive research thus far, demonstrating that the
performance of Ge FETs is much superior to that of Si FETs in terms of the on-state current. However,
to suppress the performance degradation due to parasitic contact resistance at the metal/Ge interface
in advanced nodes, the reduction of the Schottky barrier height (SBH) at the metal/Ge interface
is indispensable, yet the SBH at the common metal/Ge interface is difficult to control by the work
function of metal due to strong Fermi level pinning (FLP) close to the valence band edge of Ge.
However, the strong FLP could be alleviated by an ultrathin interface layer or a low free-electron-
density metal, which makes it possible to lower the SBH for the conduction band edge of Ge to
less than 0.3 eV. The FLP alleviation is reasonably understandable by weakening the intrinsic metal-
induced gap states at the metal/Ge interface and might be a key solution for designing scaled
Ge n-FETs.
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1. Introduction

Silicon (Si) complementary metal-oxide-semiconductor (CMOS) technologies have
been continuously advancing with new materials and technologies, such as high-k gate
dielectrics, metal gates and strain, to overcome the physical scaling limit. Furthermore, the
channel material has been replaced recently in a p-channel field effect transistor (p-FET) by
silicon—germanium (5iGe), which has a smaller effective hole mass [1]. From the viewpoint
of channel materials in Si CMOS technologies, since germanium (Ge) has smaller effective
masses for both the electrons and hole than Si and SiGe [2] and belongs to the group XIV
elements, which has a high process compatibility with Si, meaning it is an attractive candi-
date for an alternative channel material for further advanced nodes. Although Ge oxide has
some disadvantages, such as thermodynamic instability and water solubility [3-7], many
studies have been performed to realize high-performance Ge FETs expected from the poten-
tial of bulk Ge properties. At first, Chui [8] and Shang [9] demonstrated a high-performance
Ge p-FET, which is much superior to that of Si, with the nitride passivation of the gate
stack in 2002. Thereafter, by advancing the understanding of the Ge gate stack design,
both the Ge n- and p-FET performance have been greatly improved [10-23]. The progress
of the effective mobility improvement in inverted FET channels over the last 20 years is
summarized in Figure 1. With regard to the equivalent oxide thickness (EOT) scaling in
the Ge gate stack, feasibility down to approximately 0.5 nm has been demonstrated [24,25].
Additionally, Ge FETs with nanowire or gate-all-around channel structures that assume
further scaling have been reported [26,27]. In the future, for designing practical Ge FETs, it
is also important to consider the disadvantage of a higher dielectric constant of Ge in terms
of drain-induced barrier lowering and the advantage of easy planarization by thermal
annealing in various atmospheres [28-30] in terms of structural dispersion.
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Figure 1. Progress of effective carrier mobility in inversion channels [at inversion carrier density
Ns =5 x 10'2/cm? or effective electric field E = 0.5 MV /cm] of (a) p-FET and (b) n-FET. The line of
“Si” corresponds to the universal mobility of Si FETs fabricated on (100) surface. In contrast to Ge
p-FET, the performance of Ge n-FET was worse than Si n-FET at initial stage, but has been improved
to be 2 times higher than Si universality. On the other hand, InGaAs (Ing.53Gag.47As) exhibits much
higher electron mobility than Ge. However, there are other challenges such as small capacitance of
inversion channel due to lower DOS, process compatibility with Si, control of stoichiometry, etc.

On the other hand, a typical factor that degrades performance in practically scaled
FET devices is an increase in parasitic resistance. The parasitic resistance is composed
of interconnecting and contact metal resistance, semiconductor resistance around the
source/drain and contact resistance just at the metal/semiconductor interface; the contact
resistance becomes more dominant by scaling down [31]. It is preferable to reduce the
contact resistance as little as possible and below 10~ Qcm? is required for advanced
nodes [32].

The contact resistivity at the metal/semiconductor interface is described as [33]:

o
pocexp(C\/bN) D

where ®;, and N are the Schottky barrier height at the interface and the density of the
electrically activated impurities in the semiconductor, respectively. Therefore, to reduce the
contact resistivity, a decrease in the Schottky barrier height and an increase in the activated
impurity density are required based on the precise control of the Schottky barrier height
and impurity activation and diffusion. Both are tough challenges for Ge CMOS, but this
paper addresses the former.

2. Fermi Level Pinning at the Metal/Ge Interface

The Schottky barrier height is one of the band alignment parameters at the metal/
semiconductor interface and the barrier for the conduction band (®y,,) at the ideal interface
with no charge transfer is described as:

q>bn - cDm — X/ (2)

where ®;, and x are vacuum work functions of the metal and electron affinity of the
semiconductor, respectively. This case is also called the Schottky limit and ®;,, decreases
(increased) as much as the decrease (increase) of @, (Figure 2a).
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Figure 2. (a) Schematic band alignment at metal /semiconductor interface with no charge transfer (no
Fermi level pinning (FLP)). This is called Schottky limit and Schottky barrier height for conduction
band of semiconductor @y, is equal to subtraction of electron affinity of semiconductor x from
vacuum work function of metal ®;,. Therefore, Schottky barrier height at the interface is controllable
by vacuum work function of metal. (b) Schematic band alignment at metal /semiconductor interface
with FLP. Due to charge transfer at the interface, Fermi level at the interface relative to band edge of
semiconductor is shifted from Schottky limit in direction to charge neutrality level, where the charge
neutral level is defined as ® ¢ from conduction band edge of semiconductor. In the case that S
parameter is 0, Py, is equal to be ¢y, irrespective of vacuum work function of metal and is not
modulated by vacuum work function of metal. This is called Bardeen limit.

However, in most cases of actual metal/semiconductor interfaces, ®;,, is not as sensi-
tive to @y,. It is known as Fermi level pinning (FLP) and is generally described as a charge
transfer between the metal and semiconductor through the interface states (D;;) in the band
gap of the semiconductor [34] (Figure 2b). Assuming a constant D;; in the energy gap of
the semiconductor, the band alignment is described as:

1

Py = S(Pw — x) + (1= S)Peni, S = W,
€

®)

where ¢, § and ¢ are the elementary charge, dipole length and dielectric constant at the
interface, respectively. ®cyy is the charge neutrality level of the semiconductor at the
interface from the conduction band edge of the semiconductor. According to the equation,
S is a parameter of sensitivity to ®,, and takes a value between 0 and 1. S and ¢y
can be regarded as the FLP strength and FLP energy level. When S is 0, the Schottky
barrier height becomes completely constant irrespective of ®,,. This case corresponds to
the Bardeen limit.

Next, we discuss the relationship between the vacuum work function of the metal
and Schottky barrier height at the metal/Ge interface. The systematic trend was first
reported by Thanailakis in 1973 [35]. After that, analyses focusing on FLP were reported by
Marshall [36], Dimoulas [37] and Nishimura [38,39]. The relationships between the Schottky
barrier height at metal /n-Ge(100) and the vacuum work function of metal are summarized
in Figure 3a. The vacuum work function of metals is found in references [40,41]. In three
recent reports, the Fermi level at the metal /Ge(100) interface is close to the valence band
edge of Ge and is little dependent on the vacuum work function of the metal and a large
Schottky barrier comparable to the band gap of Ge is formed on n-Ge. The FLP strength of
the S parameter at the metal/Ge(100) interface is evaluated from the slope in Figure 2a to
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be 0.02-0.05, which is much less than that at the typical metal/Si interface (~0.3) [34]. The
FLP energy level of ®cyp at the interface is estimated from the intersection of the fitted
data line with the Schottky limit line in Figure 2a to be 0.49-0.58 eV. Both the S parameter
and ®cyp are almost the same among the results in recent studies [36-39].
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Figure 3. (a) Schottky barrier height for conduction band of Ge ®,, at metal/Ge(100) interface as a
function of vacuum work function of metal ®,,. The barrier ®;, values in the graph are estimated
from I-V or C-V characteristics of metal /n-Ge diodes. Except for the result reported from Thanailakis,
Schottky barrier height for conduction band of Ge at metal/Ge interface is almost constant, in-
sensitive to vacuum work function of metal, and comparable to band gap of Ge (0.66 eV). The S
parameter estimated from the slope in the plots is 0.02-0.05, which corresponds to interface states of
~1014 states/cm?/eV. To realize Ge device with electron channel, it is indispensable to overcome the
strong FLP. Reproduced with permission from ref. [35], A. Thanailakis and E.C. Northrop; published
by Elsevier, 1973, from ref. [36] E.D. Marshall et al.; published by Springer Nature, 2011, from ref. [37],
A. Dimoulas et al.; published by AIP publishing, 2006, from ref. [38], T. Nishimura et al., published
by Japan Society of Applied Physics, 2006, from ref. [39], T. Nishimura et al.; published by AIP
publishing, 2007. (b) Typical I-V characteristics of metal/n-Ge(100) diodes. Schottky barrier height
can be evaluated from the relationship of J; = AT? exp(—®y/kT), where J;, A and T is saturation
current density, Richardson constant and measured temperature, respectively. The saturation current
density Js is estimated from linear extrapolation of current density at V = 0 in the graph. Due to the
strong FLP, rectified character appears irrespective of metals on n-Ge. On the other hand, typical
metal/p-Ge diodes exhibit ohmic characteristics (not shown).

From the correlation between the S parameter and Dj;; shown in Equation (3), the
FLP strength can be quantitatively considered as the interface state density for the sake of
convenience, irrespective of the mechanism of FLP. For example, assuming a ¢ of 0.5 nm
and ¢ of 10 ¢p, the S parameter of 0.02 at the metal/Ge(100) interface is equivalent to a
D;; of 5 x 10 states/cm?3/eV. It implies that the interface might be electrically very poor,
considering that the atomic density on the Ge(100) surface is almost 6 x 10'#/cm?.

The band alignment shown in Figure 2a was determined from the electric charac-
teristics (such as I-V or C-V characteristics) of metal/n-Ge(100) junctions (typical I-V
characteristics are shown in Figure 3b). On the other hand, it is difficult to determine
from metal/p-Ge(100) junctions. The Schottky barrier height for the valence band edge
of Ge at metal /p-Ge(100) is very low and ohmic contact is easily formed on the junction
at room temperature. This is a large advantage for p-type Ge devices in terms of choice
for the contact metal, but a critical disadvantage for n-type Ge devices. To reduce the
contact resistance at the metal/n-Ge interface towards the realization of practical n-type
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Ge devices, the strong FLP close to the valence band edge must be overcome based on an
understanding of its FLP mechanism.

3. Dominant FLP Mechanism at the Metal/Ge Interface

First, typical FLP mechanisms discussed for various metal/semiconductor interfaces
are reviewed, before a discussion of the dominant FLP mechanism at the metal/Ge inter-
face. FLP mechanisms can be categorized into intrinsic or extrinsic mechanisms. Here,
“intrinsic FLP” means that the FLP is caused by an intrinsic charge transfer due to the
metal/semiconductor interface formation itself, while “extrinsic FLP” means that the FLP
is caused by a charge transfer through the actual interface states, such as defects introduced
by the interface formation process. Metal-induced gap states (MIGS) [42-46] and chemical
bond models [47,48] are typical intrinsic FLP mechanisms. In the MIGS model, a charge
transfer is caused by a wave function tailing from the metal into the finite semiconductor
band gap. In the chemical bond model, it is through local chemical bonding between metal
and semiconductor atoms, considering an energy gain in the charge transfer against the
band gap of the semiconductor. On the other hand, the unified defect model (UDM) [49,50]
and disorder-induced gap states (DIGS) [51,52] are typical extrinsic FLP mechanisms. The
UDM has been discussed regarding the metal/III-V semiconductor interfaces and is based
on the formation of a universal defect energy level irrespective of the adsorbed element
on the semiconductor. In the DIGS model, the interface state density related to the FLP
strength is characterized by the strain and distortion of bonds, defects and dangling bond
densities. The FLP energy level is determined by the sp® hybrid orbital energy, which
is universally located at approximately 5 eV from the vacuum level in diamond- and
zinc-blend-type semiconductors.

However, it is difficult to identify a dominant FLP mechanism at the metal /Ge interface
from the FLP strength, as follows. Since 1970, it has been implied that pure covalent bonding
semiconductors such as Ge and Si exhibit strong FLP [53]. The FLP strength of various
semiconductors has been systematically investigated and the correlation of FLP strength
with the ionic bond character in semiconductors has been discussed from the viewpoint
of surface states, which is based on the relationship between the ionic bonding character
and electronic structure modulation. In the previously mentioned intrinsic MIGS and
chemical bond model, FLP strength is primarily characterized by the electronic gap of
the semiconductor because the charge transfers in MIGS and the chemical bond model
are dependent on the decay of wave function tailing in the semiconductor and the energy
gain of the charge transfer to the valence band or conduction band of the semiconductor.
Considering the narrow band gap of Ge (0.66 eV at room temperature), it seems reasonable
that strong FLP occurs at the metal/Ge interface. In the UDM and DIGS, simply saying,
the FLP strength is determined by the actual interface states density. For example, the
surface cleaning method before metal deposition and the reduction of metal diffusion
into the semiconductor inside by cooling during metal deposition may be effective in
reducing the interface state density and weakening the FLP at the metal/6H-SiC [54] and
metal/GaAs [55] interfaces, while the alleviation of FLP at the metal/Ge interface by
appropriate surface treatment has not been reported. However, the narrow band gap of Ge
indirectly implies that the bond structure in the Ge crystals is easily broken and so a high
density of interface states may possibly be formed, which implies that the extrinsic FLP
mechanism causes the strong FLP of Ge.

It is also difficult to identify the dominant FLP mechanism from the viewpoint of
the FLP energy level. The experimentally determined effective charge neutrality level is
close to the valence band edge of Ge. In intrinsic mechanisms, the MIGS describes the
FLP energy level as an energy level that corresponds to the charge neutrality level of the
bulk semiconductor, where the dominance of the conduction band character and valence
band character is changed in the band gap. (It is a branch point in a one-dimensional
system.) The charge neutrality level ®cy; of Ge is calculated to be 0.48 [44] and 0.63 [56].
On the other hand, in extrinsic mechanisms, the DIGS model describes the FLP energy of
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Ge. The energy in the DIGS model is the sp? hybrid orbital energy, which is the same as the
charge neutrality level of the bulk semiconductor [51]. This result is also consistent with
the fact that vacancies in Ge work as acceptors [57] and that defective Ge exhibits p-type
characteristics [58,59].

Therefore, another approach is needed to understand the dominant FLP mechanism.
Here, we present an interesting result of comparing Ge and Si with SiGe [60]. A key property
of S5iGe is the complete solid solution of Si and Ge. Therefore, SiGe includes natural bond
distortion and disordering even in perfect crystals. Moreover, SiGe used in the experiment
is not a single crystal substrate, but epitaxially grown on a Si substrate, which suggests
that SiGe includes extrinsic defects, dislocations and strain. These structural disorders are
detected, for example, as the broadening of the diffraction peak in the XRD measurement.
On the other hand, the band gap of SiGe monotonically increases with the decreasing
Ge ratio. Therefore, the band gap becomes simply wider in the order of Ge, SiGe and Si.
Therefore, the FLP mechanism, which dominantly characterizes the metal/Ge interface,
could be speculated by which metal/Ge and metal/SiGe interfaces exhibit a stronger FLP.
To analyze the band alignment at the metal /SiGe interface, the Schottky barrier height is
estimated from the rectified I-V characteristics of metal /n-SiGe(100) diodes, as shown in
Figure 4a. The saturation current density at the metal/SiGe junction is obviously metal
dependent compared with that at the metal/Ge junction shown in Figure 2b. Figure 4b
shows the relationship between the band gap, crystallinity and FLP strength of Ge, SiGe
and Si. The S parameter for the metal/SiGe(100) interface is estimated to be 0.07. This
value is less than that for the metal/Si (100) of 0.16, which is consistent with reports
from Archer [61], but obviously more than that for the metal/Ge(100) of 0.02. The D;; of
1.4 x 1013 /cm?/eV, which corresponds to the S parameter for SiGe, is much lower than
that for Ge, even though SiGe has various structural disorders. These experimental facts
imply that the FLP of Ge may be dominantly characterized by an intrinsic mechanism.
Furthermore, the band alignment at the metal/Ge interface does not seem sensitive to the
surface orientation of Ge [39], which suggests that local structural characteristics such as
bonding at the interface do not strongly characterize the band alignment. In other words,
the FLP seems to be characterized by bulk Ge characteristics. This means that MIGS seems
to be the most reasonable FLP mechanism to describe the FLP at the metal/Ge interface. If
the strong FLP was extrinsic, the passivation and/or generation of extrinsic interface states
should be carefully considered. However, it appears to be intrinsic so that some sort of
breakthrough is needed.

Metal/n-Sig ssGeg 45
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Figure 4. (a) Typical I-V characteristics of metal /n-Sij.55Geg.45(100) diodes measured at room tem-
perature. The off-state current density on high work function metal diodes is increased at negative
bias region, which might be caused by leakage through extrinsic defects in SiGe. However, saturation
current density is obviously more dependent on metals compared with that of Ge diodes depicted in
Figure 2b. (b) The correlation among FLP strength (S parameter), band gap and crystallinity (FWHM
of (400) diffraction peak in XRD) of semiconductors. The S parameter is simply increased with
band gap of semiconductor independent of its crystallinity, which suggests intrinsic FLP mechanism
dominantly characterizes the FLP at metal/Ge interface.
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4. FLP Alleviation by Ultrathin Interface Layer

In this chapter, focusing on the fact that such a strong FLP does not occur at a typical
metal/insulator/Ge interface, an approach to alleviate the strong FLP at the metal/Ge
interface is discussed. As mentioned in the introduction, various Ge gate stacks have been
analyzed by C-V characteristics to improve the performance of Ge FETs [8-23]. In these
C-V characteristics, the accumulation, depletion and inversion of the Ge layer are distinctly
observed, which indicates that the surface potential of Ge is modulatable; in other words,
the insulator/Ge interface is not strongly pinned as with the metal /Ge interface. On the
other hand, the flat band voltage of the Ge Metal/Insulator /Semiconductor (MIS) capacitor
obviously depends on the vacuum work function of the metal [62], which also suggests
that a strong FLP does not occur at the metal/insulator interface. Therefore, our interest
arising from the band alignment of the Ge MIS interfaces was how the FLP-free Ge MIS
interfaces behave after extremely thinning the insulator. In the best case, we hoped that
enough current could flow in the on state at the FLP-free MIS junction.

We selected GeO,, which is an oxide of the substrate, as an ultrathin interface insulator
to simplify the system. Additionally, GeO; could form an electrically better interface
with Ge by the suppression of GeO desorption compared with other insulators [63,64].
Al was chosen as an electrode metal with a low vacuum work function to form low and
high Schottky barrier heights for n- and p-Ge at the FLP weakened interface, respectively.
Figure 5a shows typical I-V characteristics of Al/Ge(100) diodes with and without an
ultrathin GeO, layer. Surprisingly, the Al/n-Ge diode characteristics change from Schottky
to ohmic by inserting a GeO, layer, whereas the Al/p-Ge diode characteristics change from
ohmic to Schottky [65]. This is definitely understandable by a shift of the Fermi level at
the interface from the valence band edge of Ge to the near conduction band edge. The
ultrathin GeO, interface layer between the Al and Ge substrates is also confirmed by the
cross-sectional TEM image shown in Figure 5b.

(@) Al/Ge Al/Geo,/Ge (D)
r 2 @RT |} ) @RT |} I )
§ 10 : | n-Ge
<
>
£ 10
C
(]
©
S 10 : 3
; Strong p—Ge
o FLP 4¢ 6 | i
10‘4 1 .Al Ge Al Ge 1 1
-1.0 -05 0.0 0.5 1.0-1.0 -05 0.0 0.5 1.0
Voltage V (V) Voltage V (V)

Figure 5. (a) Characteristics I-V of Al/Ge(100) diodes and those of Al/ultrathin GeO,/Ge(100)
ones. Due to the strong FLP close to valence band edge of Ge, as depicted in schematic, Al/Ge
diodes exhibit Schottky characteristic and ohmic one for n- and p-Ge, respectively. On the contrary,
Al/GeO, /Ge diodes show ohmic characteristic and Schottky one for n- and p-Ge, respectively, which
indicates that the Fermi level at the interface is shifted towards to conduction band edge of Ge.
(b) Cross sectional TEM image of Al/GeO,/Ge contact. It is observed that 2-nm-thick amorphous
GeO; layer is formed at the interface.

Furthermore, the correlation between the Schottky barrier height at metal /ultrathin
GeO, /Ge exhibits an obvious vacuum work function dependence, as shown in Figure 6.
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The vacuum work function dependence of the Schottky barrier height indicates that the
ultrathin insulator surely has a role in alleviating the FLP and that the Schottky—ohmic
reversal of Al/ultrathin GeO,/Ge diodes shown in Figure 4a is not caused only by the
pinning level shift. As summarized in Figure 7a,b, Schottky barrier height modulation and
FLP alleviation have been observed by Al,O3 [66,67], TiO, [68-70], MgO [71,72], GeON [73],
TiON [74], GeN [75] and SiN [76], in addition to GeO, [65,68]. These experimental results
imply that the FLP alleviation by inserting an ultrathin insulator into the metal/Ge interface
is attributed to the insulating property of the interface layer or interface passivation by the
oxygen or nitrogen included in the interface layer.

=
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Figure 6. The correlation between band alignment at metal /1-nm-thick GeO, /Ge(100) and vacuum
work function of metal. That at metal/Ge(100) [38,39] are also shown. Schottky barrier height were
estimated from saturation current density in I-V characteristics measured at room temperature and
Richardson constant of Ge. The S parameter for metal/GeO, /Ge interface is estimated to be 0.14
and it is obviously more than that of direct metal/Ge one, which indicates that the FLP at metal /Ge
interface is weakened by ultrathin GeO, interlayer. Adapted with permission from ref. [38], T.
Nishimura et al., published by Japan Society of Applied Physics, 2006, from ref. [39], T. Nishimura
et al.; published by AIP publishing, 2007.

Next, from the viewpoint of the role of insulator in FLP alleviation, the dominant FLP
mechanism at metal/Ge is considered again. The FLP alleviation by ultrathin insulators is
explainable in various models, as follows. In the intrinsic MIGS, the wave function tailing
to the semiconductor decays due to the wide energy gap and physical distance of the
interfacial layer. In the intrinsic chemical bond model, the energy gain in the charge transfer
with metal will be reduced by replacing the semiconductor with a wide gap insulator. In
extrinsic models, nonideal semiconductor structures, such as defects or dangling bonds,
resulting in interface states are passivated by oxygen or nitrogen. However, it is noted that
the role of the interface layer in each model is different. It is expected that intrinsic MIGS
is gradually weakened with an increasing insulator thickness as a result of the thickness
effect, whereas the extrinsic FLP mechanisms are immediately suppressed by forming
an insulator/Ge interface by the interface passivation effect. Hence, from an impact of
interlayer thickness on the FLP strength, the appropriate mechanism to describe the FLP at
the metal /Ge interface could be speculated from another aspect.
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Figure 7. (a) Summary of Schottky barrier height values at direct metal/n-Ge interfaces and
metal/ultrathin interface layer/n-Ge ones. Various interface layers such as oxides and nitrides
are effective to alleviate the FLP and improve controllability of the band alignment. By use of ap-
propriate interface layer and metal, Schottky barrier height for conduction band edge of Ge can be
efficiently reduced. Data from refs. [36-39,66-76]. (b) Summary of S parameters at direct metal /n-Ge
interfaces and metal/ultrathin interface layer/n-Ge ones. There might still be process dependence,
but it is sure that the strong FLP at metal/Ge interface is weakened by insertion of interface layer.
Data from [36-39,66,68,70,75,76].

Figure 8a shows the Schottky barrier height at the metal (Al, Cu and Au)/GeO,/Ge
interface as a function of GeO, thickness. The Schottky barrier heights in the figure are
evaluated from the saturation current density in [-V characteristics measured at room tem-
perature and the Richardson constant, without any correction for the tunnel resistance [68].
However, it is obvious that the Schottky barrier height for the conduction band edge of Ge
at the Al (low work function metal) and Au (high work function metal) contact interfaces
gradually decreased and increased, respectively, with increasing GeO, thickness. Although
it is difficult to exactly discuss the FLP strength from the few kinds of metals with different
vacuum work functions, the S parameter evaluated from the three kinds of metal gradually
increases with GeO, thickness, as shown in Figure 8b. Gradual FLP weakening with an
increasing interface layer thickness is also observed at the metal /Si interface [68]. Although,
Schottky barrier height modulation at the metal/Si interface by an ultrathin insulator as
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a concept of MIGS suppression had been proposed by Connelly [77] before the reports
of these studies, which are focused on Ge, and these results suggest that the thickness
effect of the insulator results in FLP alleviation and qualitatively support that MIGS is the
dominant FLP mechanism both at the metal/Ge and /Si interfaces. On the other hand, here,
it is assumed that MIGS and other FLP mechanisms work independently. It is, however,
reported that intrinsic MIGS reduces defect formation energy based on first-principles
calculations [78] and that Si bond breaking by contact with metal has been observed [79].
Therefore, to further understand FLP alleviation, more quantitative analysis, including the
secondary effect of MIGS, might be necessary.
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Figure 8. (a) Schottky barrier height for the conduction band of Ge at metal /GeO, /n-Ge(100) interface
as a function of the thickness of GeO,. All metal electrodes were formed on the single Ge wafer
with beveled GeO, layer and Schottky barrier height was estimated approximately from saturation
current density and Richardson constant of Ge(100). The thickness of GeO; layer was determined
by spectroscopic ellipsometry. Reproduced with permission from ref. [68], T. Nishimura et al., IEEE
Proceedings; published by IEEE, 2010. (b) S parameter as a function of interface layer thickness.
In addition to the S parameter for metal/beveled GeO,/Ge estimated from (a), other results are
also depicted. The S parameter is not drastically, but rather gradually increased with interface
layer thickness at least in case of GeO;, which suggests that the FLP alleviation at metal/ultrathin
insulator/Ge interface is caused by thickness effect of interface layer. Data from refs. [68,75,76].

5. FLP Alleviation by Low Free-Electron-Density Metal

From the viewpoint of reducing contact resistance, direct metal/Ge contact is prefer-
able to metal/ultrathin insulator/Ge contact if FLP alleviation is possible at the direct
interface. In this section, how to alleviate the FLP at a direct metal/Ge interface is dis-
cussed, assuming the MIGS dominant interface. The presumption is that the FLP strength
caused by MIGS is characterized by the electronic structure of the semiconductor, such
as the band gap [45,46], since it is related to the coefficient of wave function decay in
the semiconductor. However, considering that the wave function which decays in the
semiconductor is correlated with that in the metal, it is expected that the strength of MIGS
could also be modulated from the metal side as follows.

In the MIGS model, the interface dipole, which causes FLP, is described as a result of
the wave function tailing from the metal. Therefore, the assumption is that such a dipole
is also formed at other interfaces. For example, even at the metal/vacuum interface, as
the simplest case, the wave function tailing from the metal also occurs through a finite
energy barrier between the Fermi level in the metal and the vacuum level, which would
result in interface dipole formation. Interestingly, the dipole formed at the metal /vacuum
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interface corresponds to a part of the vacuum work function of the metal. Lang calculated
the vacuum work function of metal with a simple Jellium model [80,81]. In that model,
the vacuum work function is composed of a bulk term and surface term; the former term
includes the interaction energy and kinetic energy in the bulk and the latter corresponds to
the surface dipole due to wave function tailing from the metal to the vacuum. The model
is significantly simple, but the result well describes the vacuum work function of simple
metals such as alkaline and alkali-earth metals. Here, it is a notable point that the surface
term is reduced with a decreasing free-electron density in the metal, which indicates that
the metal/vacuum interface dipole caused by wave function tailing is reduced. Therefore,
MIGS at the metal/semiconductor, which is described as a dipole caused by wave function
tailing, could be weakened by the decreasing free-electron density in the metal based on
the similarity of the physical description of the “surface term of the vacuum work function”
and “MIGS”.

The free-electron density in single-element metals commonly used to analyze FLP at
the metal /semiconductor interface is approximately 1022-10%% /cm3 [82], whereas, for exam-
ple, in compound metals such as silicide, it is one digit less, approximately 10! /cm? [83].
The free-electron density in germanide, which is a compound of metal and Ge, is expected
to be almost the same as that in silicide and the free carrier densities in Y-germanide and
Gd-germanide were evaluated to be 7 x 10'° and 9 x 10'°/cm3, respectively, by Hall
effect measurements. Considering the previously mentioned analogy between MIGS and
the surface term of the vacuum work function, the FLP at the germanide/Ge interface is
expected to be weaker than that at the single-element metal/Ge interface.

Germanide/n-Ge(100) diodes show rectified I-V characteristics (Figure 9a), but the
saturation current densities seem to have a strong metal dependence compared with those
of single-element metals/n-Ge diodes (shown in Figure 2b), although the swept range
of the vacuum work function of germanide might be much narrower than that of single-
element metals due to compound formation with Ge. The relationship between the vacuum
work function of the metal and the Schottky barrier height at the metal/Ge interface is
shown in Figure 9b. Here, the work function of crystallized germanide is assumed from
the metal-Ge composition ratio in its crystal structure, the group electronegativity [84]
and the relationship between the electronegativity and vacuum work function [85]. The
FLP at the germanide/Ge interface is weaker, as expected, and the S parameter for the
germanide/Ge(100) interface is estimated to be 0.17, which is much larger than that for the
single-element metal /Ge(100) interface. Additionally, deviation from the strong FLP trend
at the single-element metal/Ge interface has also been reported at the YbGey /Ge [86], epi-
taxial MnsGes /Ge(111) [87], epitaxial HfGe, /Ge(100) [88] and epitaxial Fe3Si/Ge(111) [89]
interfaces. These results seem reasonably understandable by the weakening of MIGS, even
though interface epitaxiality may sufficiently affect the band alignment in detail. Further-
more, in the case of the metal/Si interface, FLP at the silicide/Si interface is also much
weaker than that at the single-element metal/Si interface [90,91]. In addition to interfacial
layer insertion, a low free-electron-density metal is also effective in alleviating the FLP
at the metal/Si interface, which suggests that MIGS might also describe the FLP at the
metal/Si interface well.

At the metal/semiconductor interface with strong MIGS, the band alignment is dom-
inantly determined by the charge neutrality level, which is characterized by the bulk
properties of the semiconductor. However, by weakening MIGS at the interface, the
assumption is that other FLP mechanisms or interface structures possibly affect band align-
ment. Actually, the Schottky barrier height at the germanide/Ge interface has a noticeable
surface orientation dependence [92], as shown in Figure 10a. It was also demonstrated that
ohmic contact can be formed for n-Ge at room temperature without the heavy doping of
impurities by employing an appropriate metal and surface orientation of Ge, although a
direct metal/Ge interface is formed (Figure 10b). However, here, care is taken that not only
Ge surface orientation, but also other properties, such as germanide orientation, might



Electronics 2022, 11, 2419

12 of 21

be different for each Ge orientation because the germanide/Ge interface was formed by
thermal reaction of the elemental metal /Ge interface.
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Figure 9. (a) Typical I-V characteristics of germanide/n-Ge(100) diodes measured at room tempera-
ture. All germanides were formed by thermal reaction of deposited single-element metal with Ge at
500 °C. The off-state current density of germanide/n-Ge diode is much dependent on metal compared
with that of single-element metal/n-Ge diode shown in Figure 2b. Adapted with permission from
ref. [92], T. Nishimura et al., published by IOP publishing, 2008. (b) The relationship between the band
alignment at germanide/Ge(100) interface and vacuum work function of metal. The vacuum work
function of germanide is estimated from the group electronegativity [X, g, = "%/X’} X}] [84] and
the correlation between electronegativity and vacuum work function [®y, = 2.27Xpying + 0.34] [85].
It is obvious that the FLP at germanide/Ge interface is much weaker than that at simple element
metal/Ge one.

(a) (b)

T T T

Gd-germanide @RT
[ /n-Ge(111)

[y
o
~

Gd-germanide
/n-Ge(100)

Gd-germanide
/n-Ge(111)

107}

Current density J (A/cm?)
=
OO

Gd/n-Ge(100)
Gd/n-Ge(111)

10*
10 -05 00 05 1.0

Voltage (V)

Figure 10. (a) I-V characteristics of Gd and Gd-germanide/n-Ge(100) and (111) diodes. The I-V
characteristics of Gd/Ge diodes are not dependent on Ge surface orientation, while those of Gd-
germanide/Ge ones are strongly dependent. In addition, Gd-germanide/n-Ge(111) diode surpris-
ingly exhibits ohmic character, as also shown in the inset. The interface structure dependence in I-V
characteristics of germanide/Ge diodes is possibly understandable by appearance of other mech-
anisms which are masked by MIGS at typical single-element metal/Ge interface. Adapted with
permission from ref. [92], T. Nishimura et al., published by IOP publishing, 2008. (b) Cross sectional
TEM image of Gd-germanide/Ge(111) interface formed by thermal reaction of Gd with Ge. It is
confirmed that direct germanide/Ge interface is certainly formed and the Schottky barrier height
lowering is never caused by unintentional interface layer growth at the interface.
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The difference between single-element metals and compound metals such as silicide
and germanide on FLP at epitaxial metal/Ge and /Si interfaces has been discussed based
on first principle calculations [93]. According to the calculations, the Fermi level at the
single-element metal /semiconductor interface is determined by MIGS around the dangling
bond states of the semiconductor, while that at silicide/Si or germanide/Ge is determined
by that of the metal, which provides the difference in FLP strength. The calculated Si and
Ge surface orientation dependence on the band alignment is not completely consistent with
the experimental results [92], but the difference in the Schottky barrier height at the A- and
B-type epitaxial NiSip /Si interfaces [94] is successfully reproduced. This suggests a key to
further understanding the impact of the microscopic interface structure on band alignment
from the viewpoint of local atomic configuration.

On the other hand, as previously implied, the interface fabrication process is different
between the germanide/Ge and single-element metal /Ge interfaces. The germanide/Ge
interface is generally formed by a thermal reaction, while the single-element metal/Ge
interface is by deposition. To purely focus on the impact of the low-electron-density metal
on the FLP, an example of band alignment at a low free carrier density metal/Ge interface
formed by deposition is discussed. Bismuth (Bi) is a famous semimetal and its carrier
density is approximately 10'” /cm3, which is much less than that of common single-element
metals [95]. Bi can be thermally evaporated in a vacuum chamber in the same manner
as other single-element metals. There is no choice to pick up various semimetals with
different vacuum work functions, such as single-element metals, but the vacuum work
function of Bi is fortunately 4.22 eV [40]. It is energetically far from the FLP energy level
of Ge of approximately 4.6 eV from the vacuum level, so the alleviation of the strong FLP
is detectable as an obvious modulation of the Schottky barrier height. Additionally, Bi
cannot form a compound (germanide) with Ge [96], which means that the possibility of
band alignment modulation by Bi-germanide formation can be ruled out. As shown in
Figure 11, Bi/n-Ge diodes still show rectified I-V characteristics, but the off-state current
density is very high compared with the single-element metal cases. Moreover, the I-V
characteristics of Bi/p-Ge(100) diodes are definitely rectified. In the relationship between
the vacuum work function of metal and the Schottky barrier height at the metal/Ge
interface, Bi obviously deviates from the trend of strong FLP observed at the single-element
metal/Ge interface and is close to the Schottky limit [97], which suggests that MIGS at the
Bi/Ge interface is efficiently suppressed. The FLP-free interface is also obtained at the Bi/Si
interface [97] and the FLP-free Bi/2D semiconductor interface has also been reported [98].
Furthermore, the Schottky barrier height at the Bi/Ge interface is obviously changed within
0.05 eV, depending on the surface orientation of Ge. Although the details of the surface
orientation dependence have yet to be clarified, considering the polycrystallinity of Bi on
the Ge substrate, the impact of Ge surface orientation on the band alignment might directly
appear in this system.

As denoted above, the low-electron-density metal effect on the FLP supports that MIGS
is the most reasonable mechanism to describe the strong FLP. Certain metals (e.g., WSiy [99],
a-TiNGe [100], TaN [101,102], Sn [103], graphene [104] and CNT [105]) show deviation from
the strong FLP trend at the single-element metal /Ge interface, as summarized in Figure 12,
but these results also seem understandable as MIGS reduction from the metal side, similar
to germanide and Bi. Further clarification about the correlation between the interface
structure and band alignment at low-electron-density metal/Ge and /Si are current big
challenges to build a guideline to precisely control the band alignment at direct metal/Ge
and /Si interfaces.
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Figure 11. I-V characteristics of Bi/n-Ge and /p-Ge diodes with various Ge surface orientation. The
off-state current density of Bi/n-Ge diodes are much higher than that of single-element metal/Ge
ones, shown in Figure 2b, and Bi/p-Ge(100) diode shows rectified I-V characteristics, as also shown
in the inset. The Bi/Ge interfaces were fabricated by deposition process, which is same to fabricate
the single-element metal/Ge interfaces. As shown in the cross-sectional TEM image in inset, direct
Bi/Ge interface formation is confirmed. However, Schottky barrier height for conduction band of
Ge at Bi/Ge(100) and /Ge(111) are estimated from saturation current density to be 0.37 and 0.44 eV,
respectively. This band alignment is out of trend of strong FLP observed at single-element metal/Ge
interface. The Ge surface orientation dependence on the Schottky barrier height at Bi/Ge interfaces
might purely be caused by difference of Ge surface orientation.
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Figure 12. Summary of reported Schottky barrier height at low free-electron-density metal/n-Ge
interface. Schottky barrier height for Ge is very controllable by appropriate metal and interface
structure even at direct metal/Ge interface. In some case of metallic nitrides, Schottky barrier height
for conduction band of Ge is much less than half of Ge band gap (0.33 eV). Considering the process
compatibility of nitride metal with Si technology, those metals may also be possible candidates for
practical application. Data from refs. [36-39,86-89,92,97,99-104].

6. Reduction of Contact Resistivity

Finally, the reduction of contact resistivity at the metal/Ge interface is discussed. The
contact resistivity at the MIGS-effective metal /Si interface is fully described based on the
field emission and thermionic-field emission current [106]. Therefore, here, the contact
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resistivity at the metal/Ge interface is discussed based on the band alignment (Schottky
barrier height), although it has been reported that MIGS might affect the electronic structure
of the semiconductors at the metal /2D semiconductor interface [107]. As mentioned in
the previous sections, the ultrathin insulator layer at the metal/Ge interface enhances the
controllability of the Schottky barrier height, but adds series resistance due to the tunnel
barrier. Hence, for the ohmic contact formation to lightly doped semiconductors with a
lower contact resistance, the best thickness can be determined based on the balance between
FLP alleviation and insulator resistance. Since the tunnel resistance is decreased by reducing
the potential barrier of the insulator, it is better for the reduction of contact resistivity to
select an insulator with a small band offset between the insulator and semiconductor. For
contact with the conduction band of Ge, TiO, [69], ZnO [108] and WSiy [99] have been
proposed with the demonstration of FLP alleviation.

For contact in aggressively scaled n-type Ge devices, tunnel resistance caused by both
the interface insulator layer and semiconductor depletion layer must be considered because
of heavily doping of impurities in Ge. In the case of contact for the conduction band of Si
with doping over 102 /cm?, it is expected that even TiO, might lose the advantage of a
small band offset due to an increasing tunnel distance in TiO, [109]. As a solution, a more
conductive interface layer with a low band offset and heavy doping has been proposed.
For example, Al-doped ZnO and indium tin oxide (ITO) might be possible candidates for
contact with the conduction band of Ge. Low contact resistivity for lightly doped n-Ge has
been obtained experimentally [110], calculating that the resistivity would be reduced to
approximately 1079 Qem? [111].

Furthermore, a low-electron-density metal does not have tunnel resistance due to its
metallic property. The contact resistivity at the NiGe/n-Ge interface [112,113] still exhibits
high resistivity. However, the speculation is that other metals, such as rare-earth germanide,
which forms a low Schottky barrier height, could significantly reduce the resistivity. Al-
though the bulk resistivity of rare-earth germanide is slightly high (~10~* Qcm), rare-earth
germanide can be thinned down to 5 nm while maintaining a low Schottky barrier height
of 0.3 eV [114]. This result suggests that the total contact resistivity, which includes the
bulk resistivity of germanide, is possibly reduced below 10~ Qcm? when the tunneling
effective mass of an electron of 0.12 mg [115] and the high doping density up to ~10% /cm?
are assumed. The contact resistivities at various metal/n-Ge interfaces, including other
interface layers [116,117], are summarized in Figure 13.
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Figure 13. Contact resistivity at various metal/n-Ge interfaces. The calculated contact resistivities
with various Schottky barrier heights are denoted in broken lines, where tunneling effective mass
of electron of 0.12 m( and relative dielectric constant of 16 is assumed. The doped ZnO and ITO
looks possible to achieve ~10~? Qcm? by increasing doping density. The calculated total resistivity
at rare earth metal germanide (REGey)/n-Ge interface is also shown with solid line, assuming that
Schottky barrier height is 0.3 eV and bulk resistivity of 5-nm-thick REGey (~5 x 10710 Ocm?). Data
from refs. [108,110-113,116,117].
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7. Conclusions

To realize scaled Ge FET devices, the reduction of contact resistivity is indispensable.
However, it was found that the band alignment at common metal/Ge interfaces is far from
the Schottky limit and a high Schottky barrier height for the conduction band edge of Ge is
formed irrespective of the metal work function. This is described as a strong FLP close to
the valence band edge of Ge. Therefore, this is a major hurdle to achieve high-performance
Ge n-channel devices, including FETs.

The origin of strong FLP is expected to be so-called MIGS, based on the comparison of
FLP strength between the metal/Ge interface and metal/SiGe interface focusing on intrinsic
and extrinsic structural disorder in SiGe. This MIGS dominant FLP at the metal /Ge interface
is also reasonably supported by the ultrathin insulator effect and low free-electron-density
metal effect, as later denoted.

To alleviate the strong FLP at the metal/Ge interface, two kinds of approaches are
demonstrated. One is the insertion of an ultrathin interface layer at the metal /Ge interface.
This approach is motivated by research on the FLP free-metal/insulator/Ge gate stacks.
The inserted interface layer has a role in reducing the tailing of the wave function into the
band gap of the semiconductor by decaying in the layer. As experimental facts, various
interlayers exhibit FLP alleviation and the FLP alleviation is enhanced with an increasing
interface layer thickness. The other approach is applying a low free-electron metal as a
contact metal. The analogy between the surface term of the vacuum work function of metal
in a simple Jellium model and MIGS at the metal /semiconductor interface implies that the
strength of MIGS is also characterized by the metal and MIGS can be reduced by decreasing
the free-electron density in metal, which is a viewpoint different from before. Both the FLP
alleviation at the germanides/Ge interfaces and the deviation from the strong FLP trend at
some special metal/Ge interfaces are reasonably understandable based on the character
of MIGS.

By further understanding the metal/Ge interface, the band alignment at the metal/Ge
interface becomes more controllable. For this situation, assuming the well-controlled
activation and diffusion of impurities in Ge, contact resistivity of less than 10~% Qcm?
seems achievable. Therefore, to realize practical Ge n-channel devices in future nodes,
further refined guidelines for interface design to reduce contact resistivity based on a further
understanding of band alignment at the MIGS-weakened metal/Ge interface are desired.
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