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A B S T R A C T   

This study presents a laser activation process (LAP) for germanium (Ge) to improve the electrical performance of 
n-type Ge devices. The LAP highly activated the dopant and created a shallow junction in Ge. We also investi
gated a triple contact of titanium (Ti)/nickel (Ni) nano-island/Ge to reduce contact resistivity and enhance the 
tunneling current. The results showed that the LAP with a fluence of 140 mJ/cm2 effectively activated the 
dopant, resulting in a high forward current density and a low ideality factor of the n+-p junction diode. The triple 
contact of Ti/Ni nano-island/Ge showed the lowest specific contact resistivity, indicating an increase in the 
tunneling current. The Ni nano-island contact showed the best overall electrical performance, attributed to the 
boosted electric field and the lower density of states at the interface. The results show that combining multiple 
approaches, including the optimized laser activation process and triple contact formation, can significantly 
reduce the contact resistance on n-type Ge, providing a promising approach for improving performance.   

1. Introduction 

Rapid advances in Information Technology (IT) have driven semi
conductor engineering to continuously reduce transistor size to meet the 
constant demand for higher density and performance [1]. The creation 
of smaller devices has followed Moore’s Law, which has seen the 
doubling of transistor density every two years. Scaling transistor di
mensions has been sufficient for technology nodes longer than 90 nm. 
However, as nodes shrank below this threshold, new ideas, such as high- 
k gate dielectric, fin field-effect transistor (FinFET) architecture, silicon- 
germanium (SiGe) Channel, and front-end-of-line (FEOL) engineering, 
were developed to achieve technology nodes as small as 10 nm and 
extend Moore’s Law [2–4]. However, scaling alone is no longer suffi
cient to achieve nodes below 7 nm, due to velocity saturation, which 
limits the mobility of the drain current. To address this, the shift to high- 
mobility channels such as germanium (Ge) is expected to occur by 2028, 
according to IRDS: 2021 [5]. 

Ge exhibits several promising properties that make it a potential 
replacement for silicon (Si) in future complementary metal-oxide 
semiconductor (CMOS) technology, including a high hole mobility of 
1,900 cm2/Vs and moderate electron mobility of 3,900 cm2/Vs, a low 

processing temperature, and high carrier density when compared to III- 
V materials. However, the commercialization of Ge is impeded by a 
significant obstacle: the proportion of contact resistance in the total 
source/drain series resistance is higher at a metal and Ge semiconductor 
interface [6]. Also, n-type Ge suffers serious fermi-level pinning which 
results in a higher Schottky barrier, limiting the tunneling current [7–9]. 
Accordingly, achieving highly doped Ge for efficient device performance 
remains a challenge in CMOS applications, with one of the major ob
stacles being the difficulty in obtaining low contact resistance for Ge. 

Achieving low specific contact resistivity (ρc) for Ge is a particularly 
significant challenge when the concentration of n-type dopants (ND) is 
boosted because this affects the contact resistance. Although phosphorus 
(P) is a promising n-type dopant with a low activation energy and an 
expectedly high solubility limit, the concentration of activated P in Ge is 
limited to approximately ~ 5 × 1019 cm− 3, lower than the theoretical 
maximum solubility of P in Ge, which is 6 × 1020 cm− 3. The fabrication 
of high-quality Ge devices requires precise control of doping profiles, 
which is difficult because the dopants rapidly diffuse in Ge [10,11]. To 
overcome the limitation, several approaches were made on the issue. To 
suppress the diffusion of P, co-doping effects were studied. Introducing 
other dopant species, such as antimony (Sb) and fluorine (F) retarded P 
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diffusion due to reduced interstitial vacancies and local strain 
compensation due to large atomic radius [12–14]. To make an atomi
cally clean contact layer, in-situ activation while epitaxial growth by 
chemical vapor deposition with P was studied. The crystalline layer was 
achieved by the process minimized the defects boosting efficiency of 
doped P [15]. One promising technique for achieving a suitable con
centration of highly activated dopant in Ge is the laser activation process 
(LAP). LAP involves rapid heating and cooling, which enables a high 
degree of dopant activation as well as control of the dopant diffusion 
profiles [16]. Introducing interlayer and germanidation at the contact 
interface were tried for lower contact resistance even with low P con
centration. The interlayer of dipoles lowered Schottky barrier height, 
minimizing metal-induced gap states [17]. Germanidation significantly 
decreased the ρc with low-resistive phase, making it easier for carriers to 
cross the interface [18]. 

In this study, we present a detailed investigation of LAP with Ge and 
P as dopants using a pulsed laser. We analyze the dopant concentration, 
sheet resistance (Rs), and ρc of metal-Ge contacts to understand the 
activation behavior of P in Ge. 

Previously it was determined that the low P concentration at the 
surface of Ge after activation was due to a vacancy-mediated diffusion 
process via P cluster formation, which led to fast diffusion during the 
annealing process used for activation [19–21]. This process represents a 
bottleneck to further reduction in contact resistance, mainly because of 
the large Schottky barrier. To avoid this issue, the dopant delivery and 
pulsed laser activation and recrystallization steps must be optimized. 
During pulsed laser activation, solid-phase epitaxy (SPE) occurs, form
ing a metastable alloy of P and Ge, resulting in high dopant concentra
tions that can even exceed the solubility limit [22–24]. 

In this study, we aimed to enhance the metallurgical reactions 
observed in Ge to improve device performance caused by poor thermal 
stability, rough surfaces, and dopant consumption issues [25–27]. Spe
cifically, we employed a contact modification technique using metal 
nano-particle formation, that involves the insertion of metal nano- 
islands at the contact area to enhance the electric field at the metal
–semiconductor (MS) interface, and reduce the effective barrier height 
[28–30]. The small metal nanoparticles act as the small patches at the 
MS interface, allowing a saddle point potential effect. The target mate
rials were selected based on their compatibility with CMOS fabrication, 
the need for a high difference in work function between the two metals, 
and the ability to deposit or form the nano-islands using conventional 
deposition processes. 

To this end, we chose nickel (Ni) as the nano-island material and 
titanium (Ti) as the contact material because their work functions are 
well-matched with Ge according to the Schottky-Mott rule, with a work- 
function difference of approximately 1 eV. The workfunction difference 
between Ni and Ti leads to a charge transfer and enhances an electrical 

field. Additionally, Ni and Ti are CMOS-compatible metals, simplifying 
fabrication. We investigated the use of the Ti/Ni nano-island/activated 
Ge triple contact as an alternative to Ni germanidation. 

This study aimed to achieve lower Ge contact resistance by 
combining the effects of field enhancement, provided by the nano-island 
formation, with the high dopant concentration, for a single contact 
interface with low ρc. The fabrication of the n-type Ge was evaluated 
with a focus on determining the optimal condition of the LAP and the Ti/ 
Ni nano-island/activated Ge triple contact, which was shown to improve 
device performance by reducing contact resistance. By combining these 
approaches, the potential of Ge in CMOS technology can be fully 
realized. 

2. Experimental methods 

Fig. 1 presents a schematic of the process sequence for activating 
dopants and forming nano-island contacts to achieve a low resistive 
contact. The reduction in contact resistance is attributed to an increase 
in tunneling current. Thinner and lower Schottky barrier heights are 
crucial to increasing tunneling current and decreasing tunneling resis
tance. The sample used for the experiment was a 4-inch monocrystalline 
wafer of lightly Gallium (Ga) doped p-type Ge (100) with a resistivity of 
1 Ω•cm. P ions were implanted at an energy of 15 keV with a dose of 1 ×
1016 cm− 2 and a tilting angle of 7◦ at room temperature. After ion im
plantation, the Ge wafer was cleaned with acetone and isopropanol 
alcohol to remove organic residue and particles and blown with pure 
nitrogen gas. A 100 nm thick SiO2 film was then deposited on the Ge 
wafer using plasma-enhanced chemical vapor deposition (PE-CVD). The 
wafer was cut into 1 cm × 1 cm sized square coupons for convenience. 

For the activation process, a 30-nanosecond pulsed laser with a 
wavelength of 355 nm and a repetition frequency of 70 kHz (AVIA 355- 
X, Coherent) was performed at a scanning speed of 1 mm/s on the 
sample with nano-positioning stages. The energy density was converted 
from the measured power and optimized to minimize surface damage 
while activating the dopants. The Gaussian laser beam was shaped into a 
150 μm × 10 μm Top-Hat line beam for uniform intensity using a dif
fractive optical element and a focusing objective lens with a magnifi
cation of 10. Note that the LAP was performed under air ambient. 

The depth profile of the chemical dopant concentrations was 
measured using time-of-flight secondary ion mass spectrometry (ToF- 
SIMS) with an iONTOF TOF.SIMS 5 instrument. A 1 keV caesium+ (Cs+) 
beam was sputtered for depth profiling, and a primary beam with bis
muth (Bi) was applied for spectrometry. The Cs+ beam was rastered over 
a 300 μm × 300 μm area on the surface, while the Bi beam was aligned at 
the center. For depth calibration, the sputtered depth was measured by 
atomic force microscopy (AFM). The active dopant concentration was 
measured by scanning spreading resistance microscopy (SSRM). For 

Fig. 1. A schematic of the process steps for laser activation and nano-island contact.  
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SSRM, the coupons were polished in a cross-sectional view to make the 
surface very smooth. The crystalline quality of the Ge wafer before and 
after laser activation was characterized using high-resolution trans
mission electron microscopy (HR-TEM) with an FEI Themiz Z. Cross- 
sectional samples were prepared using a focused ion beam (FIB) with 
a Helios NanoLab G3 UC instrument. The sheet resistance was measured 
using the 4-point probe method. To evaluate the laser activation by 
electrical conductivity, 100 μm × 100 μm sized metal contacts were 
deposited on top of the activated Ge with a 100 μm distance gap. For the 
metal contact, 150 nm thick Ti was deposited and patterned by a lift-off 
process in acetone. 

Following the LAP, nano-island embedded contacts were deposited 
using a DC sputtering system. The material characterization of the triple 
contact nanoscale formation was conducted using HR-TEM in energy 
dispersive spectroscopy (EDS) mode. The multi-ring circular trans
mission line method (MR-CTLM) was employed to determine the ρc. 

For the n+-p diode structure, top-contact metal structures were used 
to measure the current, while the back contact was located on the bot
tom of the Ge wafer. A 300 nm thick aluminum (Al) film was deposited 
using a direct current (DC) sputtering system to form the back contact. 
The electrical results were measured using a semiconductor parameter 
analyzer, Keithley 4200-SCS. 

3. Results and discussion 

3.1. Highly activated n-Ge with pulsed laser activation process 

Fig. 2 (a) describes the use of a line beam with flat top-hat intensity 
to minimize surface damage and achieve a higher dopant concentration 
during the laser activation process. The laser beam is first shaped into a 
line beam using a diffractive optical element (DOE) after being 
controlled by a polarizing component with a wave plate. The intensity 
profile of the line beam had a length of 150 μm and a width of 10 μm 
where the intensity was higher than 50% of the peak value. The intensity 
of the laser beam was measured by Si-based image sensors. 

Compared to a Gaussian laser beam, which ablates a substrate due to 
the high energy distribution at the center of the beam, the line beam 
damages the sample less because of its constant power uniformity. The 
line beam also allows a wider annealing area and uniformly activates the 
dopants, which is essential for low resistance in the contact area. Fig. 2 
(b) provides an HR-TEM image after the laser activation process was 
performed without removing the capping layer, showing a recrystallized 
layer of about 33 nm thickness without any damaged areas. The 100 nm 
thick SiO2 capping layer prevents out-diffusion during the activation 
process and boosts the annealing effect with a blanket-like effect. 
However, the capping layer is fragile and an annealing process can break 
it down. The line beam avoids damage to the capping layer, even after 

the activation and recrystallization of the P-implanted layer. 
ToF-SIMS is a technique used to analyze the chemical composition of 

materials. In this case, it was used to analyze the degree of LAP in the 
samples. The P concentration profiles of the implanted samples acti
vated under different conditions are plotted in Fig. 3 (a). The as- 
implanted sample showed a peak dopant concentration of 8.4 × 1020 

atoms/cm3 at 12 nm below the surface. The dopant profile showed a 
steep slope at 25 nm deep due to the dopants collision with Ge atoms, 
which caused the dopants to lose the power to drive further in. 

LAP results with an energy density of 140 mJ/cm2 showed diffuse- 
less results with dopant distributions identical to the as-implanted 
sample. At an energy density of 170 mJ/cm2, the slope of the dopant 
distribution slightly decreased compared to the results for the lower 
energy LAP case, due to diffusion of the dopants. Diffusion behavior was 
found at higher energy densities of 210 mJ/cm2 and 250 mJ/cm2. As the 
dopants diffused into the substrate, the peak dopant concentration 
decreased proportionally to the diffusion depth. For comparison, two 
rapid thermal proces (RTP) conditions are also presented in Fig. 3 (a). 
RTPs of 500 ◦C and 600 ◦C were performed under N2 ambient for 1 min. 
After the RTP of 500 ◦C, the dopants were diffused through the sub
strate, lowering the peak dopant concentration due to the fast diffusion 
characteristic of P in Ge. After the RTP of 600 ◦C, most of the dopants 
had diffused through the Ge substrate. 

In order to gain insight into the diffusion behavior of dopants in Ge, it 
is necessary to examine the diffusion profile following the dopant- 
delivering step, and the annealing step. In this study, two process 
steps were employed: ion implantation with low-energy delivered dop
ants, followed by LAP to activate the dopants in the Ge lattice. A capping 
layer to prevent the out-diffusion of dopants was assumed, and the total 
number of injected dopants was considered to be constant. Under these 
conditions, the diffusion profile after annealing can be described by Eq. 
(1) [31], 

C(x) = (
2C0

π )•(
DepthI

Data
)

1
2 • e

− x2
4Data (1)  

where C(x) represents the diffusion profile with a depth coordinate of x, 
C0 is the concentration of dopants at the peak near the surface after ion 
implantation, DepthI is the injected depth of dopants by ion implanta
tion process, Da is the diffusion coefficient at the temperature of the 
annealing process, and ta is the annealing time. The equation indicates 
that the diffusion depth of the dopants depends on the diffusion constant 
and the annealing time. 

It was found that LAP, which only takes 30 ns for a laser shot, 
effectively prevents dopant diffusion compared to RTP, which takes at 
least a few seconds. This result indicates that LAP could be a promising 
technique for achieving highly localized and precise doping in Ge. 

Fig. 2. (a) Measured intensity of a line beam with top-hat profile. (b) A HR-TEM image after LAP showing recrystallization of implanted layer and undamaged SiO2 
capping film. 
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The use of LAP provides additional benefits beyond its fast heating 
time. The LAP also limits heating to the surface, leading to a limited 
thermal penetration depth. The thermal penetration depth is related to 
the thermal diffusivity and annealing time through the relation dth ≈ 2 
̅̅̅̅̅̅
Dτ

√
, where dth is the thermal penetration depth [32]. During annealing, 

the energy input is converted into local thermal energy and diffuses by 
thermal conduction driven by random vibrational motion. The area of 
the annealed region is critical to establishing the doping profile, since 
dopant diffusion is mainly mediated by thermally-activated processes. 
Consequently, the short-pulsed process creates a shallow isothermal 
layer, resulting in a steep temperature gradient. As a result, the dopants 
lose their drive-in energy, since the temperature decreases sharply with 
depth after the LAP process, minimizing dopant diffusion. 

The effect of the LAP on electrical performance was evaluated by 
measuring the sheet resistance (Rs) of the samples, and the results are 
presented in Fig. 3(b). Before the LAP process, indicated as 0 mJ/cm2, 
the Rs values were higher than 400 Ω/□ due to the inactivated dopants 
after the ion implantation process. As the energy density of the LAP 
increased, the Rs decreased, and the values reached 131 Ω/□ at 140 mJ/ 
cm2 and 126 Ω/□ at 200 mJ/cm2. Ohmic contact behavior was also 
evaluated by performing I-V measurements on the Ti and n-type Ge 
contacts, and the results are shown in Fig. 3(c). Two metal contact pads 
were deposited on the activated area, and the current levels were 
measured at a distance of 100 μm between the pads. The results indicate 
that the LAP condition of 140 mJ/cm2 resulted in the highest current 
levels compared to lower or higher energy density conditions. 

It should be noted that although the Rs value was not the lowest at 
this energy density, it resulted in the most conductive I-V behavior. This 
can be explained by the fact that Rs is calculated by assuming a known 
and constant depth, which may not be the case for samples subjected to 
different energy densities of the LAP. Therefore, the dopant in the 
sample subjected to 200 mJ/cm2 may have diffused more, resulting in a 
lower Rs value but lower electrical performance. Based on these results, 

it can be concluded that the LAP condition of 140 mJ/cm2 is the most 
suitable for P activation in Ge, as it minimizes dopant diffusion while 
providing the highest electrical performance. 

To investigate the recrystallization of the P-implanted amorphous 
layers, HR-TEM was used. Fig. 4 displays five representative conditions 
after the activation processes. Their resulting crystalline qualities were 
evaluated using a fast Fourier transform (FFT), which is displayed in the 
insets of the images. Before the activation process, an amorphous layer 
with a thickness of 33 nm was observed. The FFT image of the amor
phous layer exhibited no focused spots, indicating the absence of peri
odic lattices at the atomic scale. Conversely, the substrate beneath the 
implantation layer displayed a highly crystalline layer with clear FFT 
results, indicating the periodic alignment of Ge atoms. 

Recrystallization behavior was not observed in the implanted layer 
until the energy density reached 80 mJ/cm2. Following laser annealing 
at 110 mJ/cm2, the implanted layer displayed crystallinity in the HR- 
TEM and FFT images. The HR-TEM image exhibited a partially recrys
tallized layer that is polycrystalline with a small amorphous area at the 
bottom of the layer. The round-shaped amorphous spots were likely 
induced by thermal diffusion behavior between the implanted layer and 
Ge substrate [33]. 

At a higher LAP of 140 mJ/cm2, a recrystallized layer without an 
amorphous layer between the implanted layer and the Ge substrate was 
observed, with clear, bright spots in the FFT analysis. However, at even 
higher energy densities, the crystallinity of the implanted layer started 
to deteriorate, and the crystallinity of the substrate was also damaged. 
Since the melting point of Ge is as low as 940 ◦C, the amorphous layer 
seems to have been a result of the laser’s quenching effect. The LAP 
process increased the temperature in tens of nanoseconds and cooled at a 
comparable speed. As a result, the Ge layer was melted and cooled down 
before the Ge atoms could align into a crystal [34,35]. 

Fig. S1 shows unavoidable surface oxidation and increased rough
ness after an RTP of 600 ◦C for 1 min. The increased surface roughness is 

Fig. 3. (a) ToF-SIMS profile for P after LAP and RTP for various conditions. (b) Sheet resistance results after LAP. The result before LAP is indexed as 0 mJ/cm2. (c) 
Two terminal I-V results after LAP. After 140 mJ/cm2 of LAP, the result showed the most conductive result. 
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due to the fast diffusion behavior of Ge atoms, which not only recrys
tallized but were also re-distributed after RTP, which requires a longer 
heating duration. Fig. S2 shows the result of x-ray diffraction (XRD) 
measurement for Ge crytal peaks of the recystallized layers [36]. 

To investigate the relationship between chemical dopant concen
tration and active dopant concentration, we generated a comparative 
plot of ToF-SIMS and SSRM measurements for a LAP with an energy 
density of 140 mJ/cm2 in Fig. 5 (a). As mentioned in Fig. 3 (a), the ToF- 
SIMS measurements revealed a peak dopant concentration of 7.79 ×
1020 atoms/cm3 with a corresponding junction depth of 48 nm meeting 
5 × 1018 atoms/cm3. In contrast, the SSRM measurements indicated an 
active dopant concentration of 2.98 × 1020 atoms/cm3 and a shallower 
junction depth of 39 nm. This indicates that the LAP activated only 38% 
of the dopants. SSRM was performed using a conductive AFM tip with a 
few nanometers radius, by scanning the samples’ cross-sections from the 
surface. The conductive tip measured the resistivity of the layer from the 
surface to the bottom, which allows the active carriers to be quantified 
in the depth profiling after the LAP. The SSRM conditions were carefully 
optimized, including measuring force, scanning speed, voltage bias, and 
sample thickness. Also, the calibration was taken before the 
measurement. 

The high dopant concentration was likely due to the pulsed nature of 
the laser, which minimized thermal diffusion and helped preserve the 
crystal structure of the Ge wafer, as demonstrated in Figs. 3 and 4. 
Additionally, the high peak energy delivered by the laser activated the 
implanted dopants. Finally, the nanosecond-scale pulse duration of the 
laser partially melted and regrew the implanted layer by SPE. During 
LAP, atoms in the amorphous phase were locally rearranged at the 
interface between the crystalline and amorphous layers, which 
increased the dopant concentration through the SPE process [22–24,37]. 

Our study demonstrates that the SPE induced by the LAP allowed the 
active dopant concentrations to reach the maximum value under ideal 
solid solutions in equilibrium. Comparing the results of ToF-SIMS and 
SSRM measurements provides valuable insights into the distribution and 
activity of dopants in the material under investigation. 

Fig. 5 (b) presents the results of the I-V measurements of Ti-activated 

Ge-Ti. The expected behavior of a metallic channel is a decrease in 
resistance as the temperature decreases, since there are fewer obstacles 
to the flow of electrons. The graph demonstrates that the highest con
ductivity was achieved at the lowest temperature of − 180 ◦C. In Fig. S3 
(a), the I-V measurement result after the LAP with a lower energy den
sity shows decreased conductivity at a lower temperature. This indicates 
that the lower energy density of 110 mJ/cm2 did not activate the dop
ants enough, causing the doped region to behave in a non-metallic way, 
with semiconducting characteristics. 

In Fig. S3 (b), the higher energy density of 170 mJ/cm2 of LAP 
resulted in metallic behavior. However, from − 20 ◦C to − 60 ◦C, the 
conductivity decreased, indicating that the crystal structure of the 
activated Ge layer was undergoing changes, which can decrease the 
number of available charge carriers [38]. This trend could be because Ti 
has a higher thermal expansion coefficient than Ge, which affects the 
series resistance of the contact [39]. The thermal expansion coefficient 
of Ti for a 150 nm thick film is approximately 20 × 10-6/ ◦C, while that 
of Ge is 6 × 10-6/ ◦C. Consequently, since the Ti contact pad shrinks 
much more than the Ge, it reduces the contact area and influences the 
total current in the I-V measurements. Although this phenomenon is not 
widely studied, it is essential for understanding devices that experience 
temperature-sweeping conditions. 

3.2. Ti/Ni nano-island/n-Ge contact structure 

As mentioned above, a triple contact structure with two different 
metal species at a single contact can boost current flow. In order to 
fabricate a metal nano-island embedded contact structure that is 
compatible with conventional CMOS fabrication, Ni and Ti were 
deposited using DC sputtering. Ti and Ni were chosen due to their large 
work-function differences and widespread use in CMOS fabrication. 

To create nano-scaled particles, Ni was sputtered for a short period of 
time. The resulting metal nano-islands were found to cluster on the Ge’s 
surface due to the Ge’s and Ni’s surface energies, which induced the Ni 
atoms’ clustered shapes during the initial deposition steps. If deposition 
continued longer, the Ni nano-islands would connect and form a 

Fig. 4. HR-TEM images after various conditions of LAP. The inset figures are images from the FFT analysis, performed to confirm the quality of the recrystal
lized layer. 

Fig. 5. (a) The comparison of ToF-SIMS and SSRM after 140 mJ/cm2 of LAP. (b) I-V measurement of the activated Ge after LAP of 140 mJ/cm2.  
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continuous Ni film on the Ge. 
AFM analysis and a four-point probe method were used to determine 

the conditions necessary for Ni nano-island deposition. Not-activated Ge 
was used to ensure the substrate did not affect electrical results. The 
results obtained from three different deposition conditions are presented 
in Fig. 6 (a) and Fig. 6 (b). Fig. 6 (a) depicts the AFM images of the z- 
heights of bare Ge, after 7 s of sputtering, and 10 s of sputtering, 
respectively. The colors in all images were mapped using the same scale 
of − 2 nm to 2 nm. 

Fig. 6 (b) presents the AFM results of root mean square (RMS) 
roughness, peak-to-valley values, and Rs measurements. Before Ni 
deposition, the bare Ge surface showed a smooth profile without any 
noticeable features, exhibiting a peak-to-valley value of 1.602 nm, RMS 
roughness of 0.223 nm, and an error value of Rs that exceeded the 
maximum value of the instrument. The AFM analysis of the surface after 
7 s of sputtering revealed rough spots, indicating non-uniform deposi
tion of Ni. The peak-to-valley value and RMS roughness were measured 
to be 2.631 nm and 0.336 nm, respectively, indicating the non- 
uniformity of the deposited Ni film. 

The Rs measurement showed an error value, suggesting that the 
deposited Ni was discontinuous. This non-uniformity is desirable since 
the Ti needs to be deposited as a contact to fill the gaps between the Ni 
nano-islands, forming a triple contact structure. After 10 s of sputtering, 
the surface became smooth without any roughness, with a peak-to- 
valley value of 1.504 nm and an RMS roughness of 0.213 nm, compa
rable to the values obtained for the bare Ge surface. At this point, the Rs 
was measured to be 2.18 × 106 Ω/□, indicating the continuity of the 
deposited Ni film, albeit with a very thin layer. 

Following the deposition of the discontinuous Ni film, the Ti contact 
was deposited via DC sputtering while maintaining the vacuum. To 
examine the shape of the deposited Ni film, atomic distribution was 
obtained using Scanning Transmission Electron Microscopy (STEM). 
Fig. 7 (a) displays a STEM image, indicating that Ni atoms are arranged 
as nano-islands. These Ni nano-islands are circular and have a gap be
tween them. As expected, the subsequent deposition of Ti filled the gaps 
between the Ni nano-islands. Energy-Dispersive X-ray Spectroscopy 
(EDS) was performed to measure the atoms’ position. Fig. 7 (b) shows 
the result of the laterally scanned distribution, in a direction indicated 
by the arrow. As shown in the figure, the atomic counts of Ni increased 
when the Ti counts were low and decreased when the Ti counts were 
high. This observation indicates that the Ni nano-islands are embedded 
in the Ti contact, resulting in a triple contact structure. 

Fig. 7 (c) shows the vertically scanned distribution results, which 
reveal that the island’s height and diameter were around 3 nm without 
any significant increase in carbon (C) counts. The mapped results are 
shown in Fig. S4 (a). Supportive measurements by ToF-SIMS are shown 
in Fig. S4 (b), with embedded Ni peaks between Ti and Ge atoms. These 
observations confirm the triple contact structure was successfully 
fabricated. 

3.3. Low specific contact resistivity with highly activated dopants and Ti/ 
Ni nano-island contact 

In order to evaluate the electrical properties of the triple contact 
structures, n+-p diodes were fabricated. Three different contact metal 
sets, namely Ni, Ni nano-islands, and Ti (referred to as Ti/Ni nano-island 
in this study), and Ti, were deposited on the sample after LAP performed 
at a value of 140 mJ/cm2. The top contact was patterned as 100 µm ×
100 µm, and a 200 nm thick Al film was deposited at the bottom of the 
wafer. 

The I-V characteristics of the n+-p junction for the three different 
contact metal formations at room temperature are shown in Fig. 8 (a). 
Among the three conditions, the Ni nano-island contact showed the best 
result, exhibiting a high forward current density of 406 A/cm2 at 1 V, 
higher than the other contact conditions. 

Several factors contribute to the superior performance of the Ni 
nano-island contact. Firstly, as anticipated, the formation of Ni nano- 
islands resulted in an increased electric field between the metal and 
semiconductor layers. The work-function difference between Ti and Ni 
generated a supportive electric field that effectively lowered the 
Schottky barrier height [40–44]. In addition, Ni has a lower resistivity 
than Ti, resulting in lower series resistance and increasing the total 
current. Moreover, the Ni-only and Ti-only contacts also exhibited a 
high forward bias current, indicating successful activation of P with a 
high dopant concentration. 

The calculated ideality factor showed three different regions 
following a typical trend of a diode [45]. The first region from 0 V to 
0.25 V showed a lower value of slopes resulting in a high ideality factor 
of about 2. The reason is that the low bias voltage separated the electron 
and hole pairs, resulting in reduced forward current flow. The ideality 
factor from 0.25 V to 0.75 V showed the lowest indicating that the in
jection of carriers dominated the diode current. Lastly, from 0.75 V to 
higher junction voltages, the ideality factor starts to increase due to the 
parasitic components of the series resistance. Therefore, the ideality 
factor of the n+-p junction diode with the Ni nano-island contact was 
calculated as 1.2 at the second region. This is due to the small bandgap of 
Ge, which implies that diffusion current was the dominant component of 
the flow. However, the on/off ratio of the diode was around two orders, 
primarily due to the high leakage current resulting in the narrow voltage 
margin for a well-behaved diode. The shallow junction with a high P 
concentration led to defects at the end-of-range, resulting in high 
leakage current [46]. 

As noted in a previous study, there is a trade-off between the fast 
diffusion nature of P in Ge. The high temperature annealing typically 
conducted for dopant activation and defect annihilation in shallow 
junctions with higher P concentration leaves defects, which cause high 
leakage current [47,48]. Therefore, the design of a Ge n+-p junction 
diode must consider multiple factors, including dopant activation and 
annealing conditions, to optimize the trade-offs and minimize leakage 

Fig. 6. (a) AFM results after the deposition of the Ni nano-island. Bare Ge before sputtering, 7 s, and 10 s after deposition samples were measured. (b) Measured RMS 
roughness, the Peak to Valley values of the AFM results, and the sheet resistance results are plotted for comparison. 
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current [49–50]. In this point of view, there are related studies to reduce 
the leakage current. First, lowering the implantation temperature, called 
cold ion implantation, can reduce the leakage current with fewer traps 
and recombination centers [51]. Second, defectless doping processes 
avoiding collisions of ions to the substrate atoms minimize defects and 
are free of end-of-range damages [52,53]. Lastly, using higher purity 
and crystal quality of Ge wafer, which is under the limitation of 
manufacturing, can significantly improve the performance of devices. 

Because the dopant concentration was as high as 3 × 1020 atoms/ 
cm3, the Schottky barrier height was extracted based on the I-V results at 
room temperature, assuming the thermionic emission model would not 
provide the exact value [54]. As the dopant concentration greatly affects 
the Schottky barrier, the exact value was underestimated and showed 

relatively low values [55]; 0.25 eV for the Ni and Ti contact and 0.23 eV 
for the Ti/Ni nano-island contact. However, even though the value was 
underestimated, the Ni nano-island contact formation reduced the 
Schottky barrier height by about 8 %. 

Finally, the ρc of metal to activated Ge, treated by the LAP with 140 
mJ/cm2, was evaluated to determine the electrical property of the 
complete contact structure. It should be noted that the structure for 
Fig. 8 (b) consists of metal pads and n-Ge to extract the ρc between a 
metal contact pad and the underlying n-Ge. The structure of the MR- 
CTLM is shown in Fig. S5 (a). Fig. 8 (b) illustrates the benchmark of ρc 
as a function of dopant concentration [56–66]. The lowest ρc value was 
measured for the Ni nano-island contact, with a value of 7.5 × 10-8 

Ω•cm2. This result indicates that the highly activated P and the triple 

Fig. 7. (a) STEM image of the contact structure, with an embedded Ni nano-island after Ti contact formation. The Ni nano-islands appear as white atoms. (b) Lateral 
distribution of the atoms crossing a Ni nano-island. (c) Vertical distribution of atoms from Ti to the substrate. 

Fig. 8. (a) The I-V measurement results of the three different contact metal formations. (b) Specific contact resistivity as a function of dopant concentration for n- 
type Ge. 
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contact of Ni nano-islands and Ti effectively increased the tunneling 
current. In Ni germanidation, the portion of the contact is very small, 
achieving even lower ρc values of around 1 × 10-8 Ω•cm2 by lowering 
the Schottky barrier height [65,66]. However, Ni germanidation has 
several limitations, such as a rough surface due to the fast reaction of Ni 
and Ge, lack of thickness uniformity leading to significant variability in 
device characteristics, and doping profile modification. In contrast, the 
Ni nano-island embedded in the Ti contact demonstrated promising 
results compatible with conventional fabrication instruments. 

The ρc values were also measured for a Ti only contact and Ni-only 
contact, which exhibited 2.15 × 10-7 Ω•cm2 and 1.06 × 10-7 Ω•cm2, 
respectively. The MR-CTLM measurement results are provided in Fig. S5 
(b). Each point in Fig. S5 (b) is an averaged value of the measured sets. 
The ρc clearly showed trends of Schottky barrier resistance reduction, 
compared with other electrical analyses. Since the contact resistance is 
relatively smaller than the overall series resistance, including channel 
resistance, it can be easily ignored and underestimated in a saturated 
diode. However, the MR-CTLM structure extracts the ρc by removing 
other resistive factors, allowing an investigation of the specific contact. 
It also maximizes the contact area between metal and semiconductor 
compared to other methods, such as the transmission length method 
(TLM) and refined-TLM, ensuring highly precise ρc extraction. Finally, 
the observed reduction in ρc with Ni nano-islands further supports the 
improvement in the tunneling current of the Ti/Ni nano-island/n-Ge 
triple contact. 

4. Conclusions 

In conclusion, we have demonstrated the successful fabrication of n- 
type Ge diodes using a laser annealing process and a triple contact of Ti/ 
Ni nano-island/Ge. Our electrical measurements and analyses confirmed 
the effectiveness of this approach, which resulted in significant im
provements in both dopant activation and contact resistance. The LAP 
proved a powerful technique for activating dopants in Ge, achieving 
high dopant concentration and a uniform dopant profile. The optimal 
LAP energy density was 140 mJ/cm2, which produced a dopant acti
vation level of 3 × 1020 cm− 3. 

The triple contact of Ti/Ni nano-island/Ge shows promise as a low- 
resistance contact for n-type Ge. The Ni nano-islands embedded in the 
Ti contact effectively increased the tunneling current, resulting in a ρc of 
7.5 × 10-8 Ω•cm2. This is a significant improvement compared to Ti-only 
and Ni-only contacts, which had ρc values of 2.15 × 10-7 Ω•cm2 and 
1.06 × 10-7 Ω•cm2, respectively. In addition, the Ti/Ni nano-island/Ge 
contact is compatible with conventional fabrication instruments and can 
be easily integrated into existing processes for contacts of highly scaled 
devices. 

We also analyzed the trade-offs involved in the design of n-type Ge 
diodes, particularly in the balance between dopant activation and 
annealing conditions. Our results showed that a shallow junction with a 
high P concentration leads to remaining defects that cause high leakage 
current, emphasizing the need to carefully consider the annealing con
ditions when designing junctions for n-Ge. This work provides insights 
into using LAP and Ti/Ni nano-island/Ge contacts to fabricate n-type Ge 
diodes. Our approach offers a promising path toward the development of 
high-performance Ge-based devices for CMOS applications. 
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