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We have investigated the epitaxial formation and electrical properties of Ni germanide/Ge(110) contacts. X-ray
diffraction and transmission electron microscopy measurements have revealed that Ni5Ge3 and NiGe layers are
epitaxially formed on a Ge(110) substrate after annealing at 200–350 °C. An epitaxial Ni5Ge3 layer is formed
after annealingwith the relationships Ni5Ge3(001)//Ge(110) and Ni5Ge3[311]//Ge[001].We found that the orienta-
tion relationship between an epitaxial NiGe layer and Ge(110) substrate depends on the annealing temperature.
When annealed at 300–350 °C, the orientation relationship is NiGe(100)//Ge(110) and NiGe[001]//Ge[001], while
at 200–230 °C, the relationship is NiGe(102)//Ge(110) and NiGe[010]//Ge[001]. We demonstrate that the Schottky
barrier height of the epitaxial NiGe(100)/Ge(110) contact is as low as 0.44eV, as estimated from the current
density–voltage characteristics, while that of polycrystalline NiGe/Ge(001) is 0.55 eV.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

As integrated circuits are scaled down, the 3-dimensional (3-D) fin
structure is an increasingly promising candidate for future highly scaled
metal-oxide-semiconductor field effect transistors (MOSFETs) due to its
excellent robustness to the short-channel effect and high carriermobility
[1]. Meanwhile, germanium (Ge), as one of the most attractive channel
materials, has a higher mobility for both electrons and holes than silicon
[2]. Therefore, combining the advantages of the 3-D fin structure and Ge
channels, Ge FinFETs are expected to be applicable for future ultra-large-
scale integrated circuits. Nevertheless, there are various challenges for
the adoption of Ge FinFETs into sub-22-nm technology generations or
beyond. One important issue is the development of metal/Ge contacts
for crystalline orientations other than Ge(001).

Among the leading germanide contact layers, nickel monogermanide
(NiGe) is of great interest because of its low resistivity (approximately
22 μΩ·cm), low formation temperature (approximately 350 °C), the
final phase in Ni–Ge binary alloy system, and low Ge consumption for
germanide formation [3]. These advantages satisfy the requirements of
Ge planarMOSFETs aswell asGe FinFETs. However, the strong anisotropic
properties of NiGe, with a primitive orthorhombic MnP-type structure
(a=5.381Å, b=3.428Å, c=5.811Å), suggest that it is difficult to form
a uniform crystalline structure of NiGe on various orientations of Ge for
practical application in Ge FinFETs. Most of the previous works related
to NiGe have focused on amorphous Ge [4], Ge(001) [5], and Ge(111)
[6]. Peng et al. have investigated the evolution of the sheet resistance

and strain of NiGe films on Ge(110) as a function of annealing tempera-
ture [7]. However, few works have studied the crystalline structure and
interface electrical properties of the Ni germanide/Ge(110) contact.
Therefore, the crystalline structure of NiGe formed on Ge(110) substrates
other than Ge(001) requires clarification.

To reduce the contact resistivity in MOSFET, it is necessary to lower
the Schottky barrier height (SBH) of themetal/semiconductor interface.
However, inmetal/n-Ge contacts, the SBH is high (above 0.5eV) regard-
less of themetal due to the Fermi level pinning phenomenon [8]. In fact,
the SBH of polycrystalline NiGe/Ge(001) contacts is generally as high as
0.61eV [9], although there are few reports of the electrical properties of
Ni germanide/Ge(110) contacts.

In this study, we investigated the details of the formation and crys-
talline structure of Ni germanides on a Ge(110) substrate. We also in-
vestigated the electrical properties of NiGe/Ge(110) contacts. Our
results reveal that the orientation of epitaxial NiGe could be controlled
by the annealing temperature. Furthermore, the epitaxial NiGe/Ge(110)
contact has a lower SBH than the polycrystalline NiGe/Ge(001) contact.

2. Experiment

The substrates usedwere n-typeGe(110) andGe(001)waferswith a
resistivity of 0.1–10Ω-cm. The Ge wafers were cleaned by five repeti-
tions of dipping into a diluted HF solution and rinsing in deionized
water to remove contaminants and the surface oxide layer. After wet
chemical cleaning, the Ge wafer was introduced into an ultra-high vac-
uum chamber with a base pressure below 2.5 × 10−5 Pa, and thermal
cleaning was performed at 500 °C for 30min in the chamber. A 20- or
50-nm-thick-Ni layer was deposited by e-beam evaporation at room

Thin Solid Films 557 (2014) 84–89

⁎ Corresponding author. Tel.: +81 52 789 3819; fax: +81 52 789 2760.
E-mail address: ydeng@alice.xtal.nagoya-u.ac.jp (Y. Deng).

0040-6090/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.tsf.2013.10.017

Contents lists available at ScienceDirect

Thin Solid Films

j ourna l homepage: www.e lsev ie r .com/ locate / ts f

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2013.10.017&domain=pdf
http://dx.doi.org/10.1016/j.tsf.2013.10.017
mailto:ydeng@alice.xtal.nagoya-u.ac.jp
http://dx.doi.org/10.1016/j.tsf.2013.10.017
http://www.sciencedirect.com/science/journal/00406090


temperature. Next, samples were exposed to the atmosphere and
annealed in a furnace chamber at 200–550 °C for 30 s to 120min in N2

ambient. To investigate the electrical properties, the top Al electrode
was deposited in a conventional chamber by resistance heating to pre-
pare Schottky diodes, and themesa structurewas then formed by etching
in acid solution (H3PO4:CH3COOH:HNO3 = 92:7:1) for 5 min. Lastly, a
backside Al electrode was formed as well as the top electrode.

Grazing-angle X-ray diffraction (XRD) (2θ scan, ω = 1.626°), and
out-of-plane XRD (2θ/ω scan) using a Cu Kα source were performed
to observe the crystalline structure of the Ni germanide layers. Cross-
sectional transmission electron microscopy (XTEM) and transmission
electron diffraction (TED) using a JEM2010F apparatus (JEOL) were con-
ducted to reveal the morphology and crystalline structure of the Ni
germanide layerswith respect to the Ge substrate. The operating voltage
of TEM observation was 200kV. Samples for the TEM observation were
prepared by using Ar ion milling. Combined with XRD, a standard four-
point probewas used to identify the formation of thefirst phase. The cur-
rent density–voltage (J–V) characteristics of Ni germanide/Ge Schottky
diodes were measured to estimate the SBH of the Ni germanide/Ge
interfaces.

3. Results and discussion

3.1. Crystalline structure of Ni germanides formed on Ge(110)

We examined various annealing temperatures for the germanidation
of Ni on Ge(110) substrates. Fig. 1(a) shows the typical results for the
grazing-angle XRD (2θ-scan) measurements of the Ni(50 nm)/Ge(110)

samples annealed at 200–550 °C for 30 s–75 min. For the samples
annealed at 450 °C and 550 °C (not shown), only the diffraction peaks
related to NiGe were observed, which is consistent with the results re-
ported by Peng et al.[7]. These peaks can be assigned to the lattice planes
of NiGe(111), (210), (112), (211), (103), (020), (013), (121), (311),
(122), and (123). This result indicates the formation of a polycrystalline
phase of NiGe. On the other hand, for samples annealed at temperatures
below 350 °C (only ~350 °C data shown), we can observe no diffraction
peaks related to the lattice planes of NiGe (112), (103), (020), (013),
(122), and (123), and the peaks related to the reaction products are
weaker than those of the samples annealed at temperatures above
450 °C. Considering that XRD 2θ measurements generally enable us to
detect powder-like polycrystalline structures with random orientations,
it is suggested that a highly oriented Ni germanide layer forms after an-
nealing at 350 °C for 30 s.

Regarding the sample annealed at a lower temperature of 200–230°C
(only the ~220°C data are shown unless specified otherwise), only three
diffraction peaks are related to NiGe(111), (210), and (211), and the
relative intensities are also weak, similar to the sample annealed at
350°C. This result strongly suggests that the NiGe layer is also preferen-
tially oriented.

To investigate the orientation of theNiGe layers formed under various
annealing conditions, out-of-plane XRD (2θ/ω-scan) was also conducted
to determine the lattice planes of Ni germanides parallel to the Ge(110)
surface, as shown in Fig. 1(b). We found that the orientation of the
NiGe layer strongly depends on the annealing temperature. For the sam-
ples annealed at 450 °C and 550 °C, various lattice planes of NiGe(200),
(111), (112), (103), and (122) are observed. However, only the lattice
planes parallel to the Ge(110) surface, NiGe(400) and NiGe(102), are ob-
served for samples annealed at 200–230 °C and 350 °C, respectively. The
NiGe(111), (112), (103), and (122) planes are restricted.

The TED patterns shown in Fig. 2(a) and (b) reveal the detailed
orientation relationship between Ni germanide and the Ge(110) sub-
strate. In the case of annealing at 200–230°C, the orientation relationship
of the NiGe layer is NiGe(102)//Ge(110), NiGe[010]//Ge[001], and NiGe
[201]//Ge[110], while in the case of annealing at 300–350 °C, this rela-
tionship is NiGe(100)//Ge(110), NiGe[001]//Ge[001], and NiGe[010]//
Ge[110]. It should be noted that we confirmed the independence of the
orientation relationship on the thickness of the as-deposited Ni layer
when annealing at 300–350 °C. Thus, the differences in the orientation
relationships depending on annealing temperature should be related to
the phase transformation mechanisms, as discussed later.

Before discussing the phase transformation mechanisms for anneal-
ing below 350°C, we describe the formation and orientation of the pre-
cursor phase Ni5Ge3. The sheet resistance of Ni germanide on Ge(110)
as a function of the annealing time is shown in Fig. 3. The annealing tem-
peraturewas 220°C. Although there is a complex peak overlap between
Ni (PDF#65-2865), Ni5Ge3 (PDF#24-0449), and NiGe (PDF#65-1478)
in the XRD results for the 220 °C-annealed sample, the existence of
Ni5Ge3 is proven by the increase in the sheet resistance of germanide,
as Ni5Ge3 has a higher resistivity than Ni and NiGe [10]. Additionally,
we do not observe other diffraction peaks corresponding to Ni5Ge3 in
Fig. 1(a) except the peak at 44.7°, which suggests that a Ni5Ge3 layer
is grown epitaxially or in a highly oriented manner on Ge(110). The
out-of-plane XRD (Fig. 1(b)) and TED (Fig. 2(a)) results further indicate
that the orientation relationship between Ni5Ge3 and the Ge(110) sub-
strate is Ni5Ge3(001)//Ge(110), Ni5Ge3[311]//Ge[001], and Ni5Ge3[33
1]//[110]. Additionally, we found that the first-phase Ni5Ge3 of the sam-
ple annealed at 350°C is epitaxially grown, and the orientation relation-
ship is same as that of 220 °C-annealed samples (not shown).

On the other hand, we observed the simultaneous formation of
Ni5Ge3 and NiGe in the Ni/Ge(110) system after annealing at 200–
230 °C, which is consistent with the results for Ni/amorphous-Ge [4]
and Ni/polycrystalline-Ge [11] systems. In the cross-sectional TEM im-
ages of Ni/Ge(110) samples annealed at 220 °C, Fig. 4(a) shows that
there are three layers after annealing for 10 min. These three layers
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Fig. 1.XRD profiles of the Ni/Ge(110) system annealed at 200–550 °C for 30 s~50min:
(a) grazing-angle XRD (2θ scan, ω=1.626º) and (b) out-of-plane XRD (2θ/ω scan).
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