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Abstract: The reactions between nickel and germanium are investigated by the incorporation of a
titanium interlayer on germanium (100) substrate. Under microwave annealing (MWA), the nickel
germanide layers are formed from 150 ◦C to 350 ◦C for 360 s in ambient nitrogen atmosphere. It is
found that the best quality nickel germanide is achieved by microwave annealing at 350 ◦C. The
titanium interlayer becomes a titanium cap layer after annealing. Increasing the diffusion of Ni by
MWA and decreasing the diffusion of Ni by Ti are ascribed to induce the uniform formation of nickel
germanide layer at low MWA temperature.

Keywords: microwave annealing; nickel germanide; titanium interlayer

1. Introduction

Germanium (Ge) has attracted a great deal of contemporary interest as a channel
material in high-performance transistors, due to its higher hole and electron mobility than
Si [1–3]. Due to nickel germanide (NixGey) having the advantages of low resistivity, low for-
mation temperature, and the feasibility of self-aligned germination process [4,5], it has been
selected as the most promising contact material for Ge-based Metal-Oxide-Semiconductor
Field-Effect Transistor (MOSFET) devices. However, one major drawback of NixGey is
its rough interface due to polycrystalline grains and agglomeration at high annealing
temperatures (500–550 ◦C). It was reported that the thermal stability of NixGey on bulk Ge
could be improved by pre-germanidation implantation [6], prior-germanidation fluorine
implantation into Ge substrate [7], dopant segregation [8], or introducing other elements,
such as titanium (Ti) [9], platinum (Pt) [10], tungsten (W) [11], tantalum (Ta) [11,12], cobalt
(Co) [13], ytterbium (Yb) [14], and so on.

On the other hand, various annealing methods have been used to prepare NixGey
films, such as rapid thermal annealing (RTA) [15] and laser annealing [16]. However,
these methods have some limitations. Halogen lamp rapid thermal processing technology
has problems such as high thermal budget, uneven heating, and a large residual defect
density. For the laser annealing method, the spot size is small which will take a great deal
of time to cover the entire surface area of a sample. Microwave heating has increasingly
attracted attention in several industrial applications. For example, previous research
has shown that low-temperature microwave annealing may be an alternative to other
rapid thermal processing methods in silicon processing [17–19]. Oghbaei et al. reported
that microwave annealing (MWA) reduces energy consumption, processing time, and
annealing temperature [20]. Hu et al. reported that the formation of low-resistivity nickel
germanosilide (NiSiGe) film via microwave heating occurs at temperatures about 100 ◦C
lower than using RTA [21]. For the Ni/Ge systems, there are few studies which focus on
the Ni–Ge solid-state reaction under MWA. Hsu et al. studied the effects of a Pt interlayer
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on the structural and electrical properties of NixGey through MWA and found the Pt
interlayers played a role during the alloy formation by preventing rapid Ni diffusion [22].
However, the formation of a NixGey layer in the appearance of other metals under MWA
has not been fully investigated.

In this study, we investigated the formation of NixGey layers by Ti incorporation
on a Ge (100) substrate under MWA. It was found that the formation of uniform nickel
germanide layer could be achieved under MWA at 350 ◦C. Most of the Ti atoms moved to
the surface of the NiGe layer after annealing. The mechanism analysis of MWA and the
effects of Ti mediation are discussed in detail.

2. Experimental

Pure Ge(001) substrates were used in this study. The Radio Corporation of America
(RCA) standard clean 1 (SC1), consisting of NH4OH:H2O2:H2O at a 1/2/20 ratio and
temperature of 60 ◦C for 10 min was used to remove the organics, certain metals, and
particles. The RCA standard clean 2 (SC2), consisting of HCl:H2O2:H2O at 1/1/20 ratio
and temperature of 60 ◦C for 10 min is used to remove metallic contamination. In order
to remove germanium oxides on the surface, the Ge substrates were cleaned using a
dilute fluoric acid (1% HF) for 60 s. Then, a 1 nm Ti intermediate layer and a 10 nm
Ni layer were successively deposited on the Ge (100) substrate by using electron beam
evaporation. After the deposition, these wafers were sliced into pieces of 2.0 cm × 2.0 cm.
Then, the samples were annealed in an AXOM-200 (Manufactured by DSG Technologies)
MWA chamber (5.8 GHz) at 150 ◦C, 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C for 360 s in an
ambient nitrogen atmosphere. The temperature image after calibration and the error
of each temperature are shown in Appendix A (Figure A1 and Table A1). The MWA
chamber is designed for multi-wafer processing; the vertically stacked wafers are supported
by three quartz rods inside a quartz chamber. The card slot on the quartz column can
satisfy the annealing of several wafers together. The three adjustable quartz columns
make the equipment suitable for 4, 6, and 8 inch wafer annealing. All samples were
located inside the middle of the chamber where the electromagnetic field was uniform.
An infrared pyrometer located at the bottom of the chamber was used to directly monitor
the sample temperature. Different temperatures could be achieved by adjusting the input
power to generate continuous microwave output from 10% to 100% of the maximum rated
microwave power output. To avoid oxidation, the nitrogen flow was maintained until the
annealing process was completed.

The as-prepared NixGey samples were characterized by four-point probe (FPP) mea-
surements for sheet resistance (Rsh), Raman spectroscopy (Raman) for phase formation
identification, transmission electron microscopy (TEM) for morphology and microstructure
observations, and energy dispersive spectrometer (EDS) for elemental mapping and line
scans in NixGey films.

3. Results and Discussion
3.1. Characterization of the NixGey Layers

The influence of MWA on the nickel germanide formed on a Ge substrate was studied
by measuring sheet resistance. The variation of sheet resistance (Rsh) with germanidation
temperature is shown in Figure 1a. At 150 ◦C, the sheet resistance value is very large after
etching, which indicates that Ni has not reacted with Ge. This result could be also confirmed
by the Raman analysis, as shown in Figure 2. The sheet resistance value decreased gradually
after annealed at 200 ◦C, indicating the Ni-rich phase (Ni2Ge or Ni5Ge3) with higher
resistance transition to the Ni mono-nickel germanide phase (NiGe) [23–25]. In addition,
in order to calculate the morphology and roughness of the NixGey layers, AFM roughness
analysis was carried out, as shown in Figure 1b,c. According to the AFM measurements,
it was found that the films were smooth, and the root mean square surface roughness
increased slightly from 1.29 nm to 1.36 nm.
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could be attributed to the NiGe phase [26,27]. 
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Figure 2. Raman spectra of NixGey films formed at various temperatures.

Figure 2 shows the Raman spectra of the as-deposited and annealed samples at
temperatures ranging from 150 to 350 ◦C. For the as-deposited and 150/200 ◦C annealed
samples, no Ni–Ge bond vibrational Raman signal is observed and only the characteristic
peak of Ge–Ge bond vibration is shown at 300 cm−1, which indicates that no NixGey phase
is formed at these temperatures. After annealing from 250–350 ◦C, three main Raman peaks
are found to be approximately located at 140 cm−1, 194 cm−1 and 217 cm−1, which could
be attributed to the NiGe phase [26,27].

In order to further study the structures of germanide layer, the images of high-angle
annular dark field scanning TEM (HAADF-STEM) and EDS mappings of the stacking
structure are shown in Figure 3, respectively. At 250 ◦C, there are some grains in the
germanide layer, which induced non-uniform Ni element distribution. In addition, it was
found that there was some un-reacted Ni on the surface of the germanide layer. It shows
that after annealing at 250 ◦C, Ni had not completely reacted with Ge. After annealing at
a relative higher temperature 350 ◦C, we noticed that there was a clear interface between
the Ge substrate and the germanide layer. The NiGe/Ge interface was ideal, and NiGe
layer was very smooth without grains. Moreover, as shown in the EDS mapping, for the
region which the Ni and Ge mixed, a significant Ni distribution indicates the formation of
a nickel germanide layer. It can be seen from the image that the Ti atoms have diffused
into the sample surface, which changed from the interlayer to the surface coating of the
sample. Compared with the sample annealing at 250 ◦C, the titanium layer on the surface
is smoother, which indicates that the film has good uniformity after annealing at 350 ◦C.
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Figure 3. HAADF-STEM and EDS mapping images of the nickel germanide film layer at various temperatures: (a) 250 ◦C,
(b) 350 ◦C.

Figure 4 shows the high-resolution TEM (HRTEM) images of Ni/Ti/Ge samples
after MWA at 350 ◦C. It was found that the NiGe layer was continuous and uniform.
The enlarged view shows the NiGe lattice interface image had a good polycrystalline
structure and its thickness was about 20 nm. Relative uniformity of the NiGe film and a
distinct interface between the NiGe and Ge could be observed. Combining the results of
Figures 3b and 5b, we believe that a uniform NiGe layer can be obtained under MWA at
350 ◦C.
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For NixGey films formed with MWA at 250 ◦C and 350 ◦C, the EDS measurement
depth profiles for different elements are displayed in Figure 5a,b, respectively. We found
that Ti atoms were mainly located in the surface area of the NixGey film when Ni reacted
with Ge to form germanide, which is consistent with our previous reports [28]. The EDS
line profiles suggest that in the region where the Ni and Ge mixed, the 20 nm nickel
germanide layer was formed, which is consistent with the HRTEM results, as shown in
Figure 4. For the MWA sample at 250 ◦C, a nickel peak appeared on the surface of the
sample and the signal distribution of Ni and Ge in the middle part was uneven, indicated
that some Ni-rich phases were formed (see Figure 5a). However, for the 350 ◦C MWA
sample, as shown in Figure 5b, the Ni and Ge intensity was uniformly distributed, which
confirmed that the formation of the mono-germanide phase (NiGe).

3.2. Mechanism Analysis of MWA

For NiGe formed on Ge, we suspect that dielectric loss and conductivity loss are two
possible properties responsible for the microwave losses during microwave annealing [21].
For the dielectric loss, it is caused not only by the lattice vibrational modes, but also by
impurities, second phases, pores, lattice defects, grain boundaries, and grain morphol-
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ogy [29]. The point defects generated in Ni–Ge interactions and the grain boundaries of
polycrystalline NiGe grains could affect the dielectric loss under MWA. For the conductiv-
ity loss, the layers stacked in our samples Ni/Ti/Ge are expected to be heated differently,
because the loss factor of different materials determines its absorption of the propagating
electric field. According to Ampere’s and Faraday’s laws [30], the effectiveness of electro-
magnetic field penetration depends on a parameter referred to as the skin depth. With
the increase in conductivity, skin depth decreases, and heating can occur in the skin depth
layer [31]. Due to the conductivity of Ni (1.46 × 107 s/m) being much greater than that
of Ge (2 s/m) [32], the temperature of the Ni layer is higher than the Ge substrate under
microwave heating. The high temperature of the Ni layer will also lead to the enhancement
of the Ni diffusion rate.

Metals 2021, 11, 488 5 of 8 
 

 

 
Figure 5. EDS profiles of Ni, Ge, and Ti from the NixGey layer annealed at (a) 250 °C, (b) 350 °C. The inset shows the scan 
direction of the EDS measurements. 

For NixGey films formed with MWA at 250 °C and 350 °C, the EDS measurement 
depth profiles for different elements are displayed in Figure 5a,b, respectively. We found 
that Ti atoms were mainly located in the surface area of the NixGey film when Ni reacted 
with Ge to form germanide, which is consistent with our previous reports [28]. The EDS 
line profiles suggest that in the region where the Ni and Ge mixed, the 20 nm nickel 
germanide layer was formed, which is consistent with the HRTEM results, as shown in 
Figure 4. For the MWA sample at 250 °C, a nickel peak appeared on the surface of the 
sample and the signal distribution of Ni and Ge in the middle part was uneven, indicated 
that some Ni-rich phases were formed (see Figure 5a). However, for the 350 °C MWA 
sample, as shown in Figure 5b, the Ni and Ge intensity was uniformly distributed, which 
confirmed that the formation of the mono-germanide phase (NiGe). 

3.2. Mechanism Analysis of MWA 
For NiGe formed on Ge, we suspect that dielectric loss and conductivity loss are two 

possible properties responsible for the microwave losses during microwave annealing 
[21]. For the dielectric loss, it is caused not only by the lattice vibrational modes, but also 
by impurities, second phases, pores, lattice defects, grain boundaries, and grain mor-
phology [29]. The point defects generated in Ni–Ge interactions and the grain bounda-
ries of polycrystalline NiGe grains could affect the dielectric loss under MWA. For the 
conductivity loss, the layers stacked in our samples Ni/Ti/Ge are expected to be heated 
differently, because the loss factor of different materials determines its absorption of the 
propagating electric field. According to Ampere’s and Faraday’s laws [30], the effec-
tiveness of electromagnetic field penetration depends on a parameter referred to as the 
skin depth. With the increase in conductivity, skin depth decreases, and heating can oc-
cur in the skin depth layer [31]. Due to the conductivity of Ni (1.46 × 107 s/m) being much 
greater than that of Ge (2 s/m) [32], the temperature of the Ni layer is higher than the Ge 
substrate under microwave heating. The high temperature of the Ni layer will also lead 
to the enhancement of the Ni diffusion rate. 

3.3. The Benefits of MWA 
Previous research [21] has shown that the local temperature at the substrate front 

surface where silicidation occurs is higher for the MWA than RTA samples. A local 
temperature difference at the reaction interface is a reason for the dissimilarity between 
MWA and RTA. For the RTA process, it is well known that the Ni–Ge reaction starts at 
250 °C and a Ti thin film reacts on a Ge substrate above 400 °C [33]. However, under 
MWA, we found that the mono-germanide phase can be formed at 350 °C in the Ni/Ti/Ge 
system. The contribution of microwave energy to overcome the activation energy (Ea) is 

Figure 5. EDS profiles of Ni, Ge, and Ti from the NixGey layer annealed at (a) 250 ◦C, (b) 350 ◦C. The inset shows the scan
direction of the EDS measurements.

3.3. The Benefits of MWA

Previous research [21] has shown that the local temperature at the substrate front
surface where silicidation occurs is higher for the MWA than RTA samples. A local
temperature difference at the reaction interface is a reason for the dissimilarity between
MWA and RTA. For the RTA process, it is well known that the Ni–Ge reaction starts at
250 ◦C and a Ti thin film reacts on a Ge substrate above 400 ◦C [33]. However, under
MWA, we found that the mono-germanide phase can be formed at 350 ◦C in the Ni/Ti/Ge
system. The contribution of microwave energy to overcome the activation energy (Ea) is an
important factor for NiGe formation, because Ea could be overcome by the combination
of substrate temperature and direct coupling of microwave energy into the lattice [34].
Thus, the mono-NiGe phase formed at lower temperatures, similar to the formation of
low-resistivity NiSiGe film via MWA which occurs at temperatures about 100 ◦C lower
than using RTA [21].

3.4. The Effect of Ti Mediation under MWA

Zhu et al. reported that the Ti interlayer is expelled to the surface and forms a ternary
Ni1−xTixGe phase under RTA 450 ◦C [9]. Under MWA, the 1 nm Ti interlayer is also totally
moved to the surface. However, Ti does not react with Ge in the Ni/Ti/Ge system under
MWA at 350 ◦C, corresponding to the findings that a Ti layer could only react with Ge
substrates above 400 ◦C [33]. The Ti interlayer becomes a perfect cap-layer on the top of
NiGe, which could further “protect” the contact property of NiGe. Moreover, it is reported
that the Pt interlayer plays a role in preventing the rapid diffusion of Ni and forms PtGe(Ni)
and NiGe(Pt) in Ni/Pt/Ge system [22] under the MWA process. The Ti interlayer, like the
Pt interlayers, may act as a diffusion barrier to change the Gibbs energy of the NiGe grains
and reduce the NiGe growth rate. Similar phenomena have also been found in the cases of
Ni/Ti/Si [34], Ni/Ti/SiGe [28] and Ni/Ti/Ge [9] systems.



Metals 2021, 11, 488 6 of 8

Based on the above discussion, we propose that two effects, increasing the diffusion of
Ni-Ge by MWA and decreasing the diffusion of Ni-Ge by Ti, both occur and reach a balance
at some MWA temperatures. However, the detailed mechanisms of Ti on the formation of
NiGe under MWA are still not fully understood and require further investigations.

4. Conclusions

In summary, we have investigated the reactions between Ni and Ge in the appearance
of a Ti interlayer under MWA processed. The variation of sheet resistance, evolution
of surface, and interfacial morphology with different germanidation temperature were
investigated systematically. It was demonstrated that by mediation of the Ti interlayer, a
flat and uniform NiGe layer was formed at 350 ◦C. The Ti atoms were found to segregate at
the surface of NiGe after annealing. It as shown that MWA is a viable alternative method
for the formation of NiGe films at low temperatures. Achieved results in this work could
be a potential precursor for S/D contact technology in state-of-the-art Ge-based devices.
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Appendix A

In our experiment, MWA equipment used an infrared pyrometer to measure the tem-
perature of the sample. However, in the non-contact infrared temperature measurement,
the measured temperature deviated from the actual temperature, so it was necessary to
calibrate the temperature. The temperature image after calibration is shown in Figure A1.
In addition, due to the limitation of the infrared pyrometer (especially for the low tempera-
ture), we provide an error for each temperature, as shown in Table A1.
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Figure A1. Annealing temperature curve of the actual sample after calibration.
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Table A1. Temperature deviation in microwave annealing.

Microwave Annealing
Temperature (◦C) Minimum Temperature (◦C) Maximum Temperature (◦C)

150 130 160

200 173 202

250 233 257

300 277 314

350 342 366
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