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Abstract

Accurate control of doping and fabrication of metal contacts on n-type germanium
nanowires (GeNWs) with low resistance and linear characteristics remain a major chal-

lenge in germanium-based nanoelectronics. Here, we present a combined approach to



fabricate Ohmic contacts on n-type-doped GeNWs. Phosphorus (P) implantation fol-
lowed by millisecond rear-side flash lamp annealing was used to produce highly n-type-
doped Ge with an electron concentration in the order of 10 — 10?° cm™3. Electron
beam lithography, inductively coupled plasma reactive ion etching, and nickel (Ni) de-
position were used to fabricate GeNW-based devices with symmetric Hall bar configura-
tion, which allows detailed electrical characterization of the NWs. Afterward, rear-side
flash lamp annealing was applied to form Ni germanide at the Ni-GeNWs contacts to
reduce the Schottky barrier height. The two-probe current—voltage measurements on
n-type-doped GeNWs exhibit linear Ohmic behavior. Also, the size-dependent electri-
cal measurements showed that carrier scattering near the NW surfaces and reduction

of the effective NW cross-section dominate the charge transport in the GeNWs.

Keywords: Germanium nanowires; ion implantation; flash lamp annealing; n-type-

doped; Ohmic contacts; Hall bar configuration.

Introduction

Germanium (Ge) is the most compatible semiconductor material with silicon (Si)-based
complementary metal-oxide semiconductor (CMOS) processes. Also, Ge is a promising can-
didate for next-generation high-mobility devices because of its higher electron and hole mo-
bility compared to Si, which leads to an improved device performance.’? On the other
hand, nanowires (NWs) have been considered as an attractive building block for electronic
and optoelectronic devices because of their unique properties, such as low dimensionality,
quantum confinement, surface sensitivity, and low leakage current.®® Hence, GeNWs are
promising high-mobility nanostructures for future nanoelectronics. Monolithic integration
of high-mobility semiconductor materials with Si technology is a key milestone for the next
generation of high-performance nanoelectronic devices. Therefore, Ge would need p-type

and n-type doping with high carrier densities to integrate with Si as a primary material in



nanoelectronic devices.” There are a number of challenges, which need to be addressed for
facilitating this integration.

The achievable doping levels in n-type Ge are lower than those in p-type Ge. Also, accu-
rate control of doping is quite challenging for NW-based devices.®1* So far, there have been
several investigations regarding the control of the dopant depth as well as dopant concen-
tration, which led to the development of different doping techniques.® ! A non-destructive
dopant in-diffusion process was used to dope phosphorus and arsenic into the top-down
fabricated GeNWs with active doping levels in the range of 10 cm™3.1% Monolayer dop-
ing (MLD) method was reported for phosphorus doping into SiNWs with a high surface
concentration in the order of 10?° cm™3.17 M. S. Seifne et al. reported p-type doped GeNWs
with the homogeneous incorporation of gallium with an estimated carrier concentration of
5 x 102 ecm 3.1 Y. Berencén et al. presented the phosphorus and boron doping of individual
drop-casted Si/SiO, core/sell NWs using ion implantation.'® In comparison to other doping
methods, ion implantation demonstrates several advantages including high efficiency, high
reproducibility, and precise control of the concentration and the depth profile of the dopants.
In addition, ion implantation can provide a good homogeneity of the dopant depth distribu-
tion using one- or multiple-shot implantation, depending on the desired depth profile. 920
However, ion implantation is a destructive method, which leads to the amorphization of the
lattice structure. Therefore, an annealing process is needed to restore the lattice order and
activate the dopant atoms.?!

In addition, it is quite tricky to fabricate Ohmic contacts on n-type Ge because of Fermi
level pinning (FLP) at the metal-semiconductor interfaces, which leads to a large Schottky
barrier height (SBH).?>?® The interface states pin the Fermi level and make the SBH inde-
pendent of the metal work function.?6?” Covalent semiconductors such as bulk Ge have a
large number of dangling bonds at the surface, which introduce energy levels in the band-gap
similar to those of acceptor impurities. If the density of surface states is sufficiently large,

the Fermi level will be pinned close to the valence band and form the Schottky barrier. %2



One way to achieve Ohmic contacts for n-type semiconductors is by having a heavily doped
thin layer at the metal-semiconductor interface. This leads to a very thin depletion region,
through which field emission can take place.?” K. Gallacher et al. reported that the Schot-
tky barrier width is inversely proportional to the doping density in semiconductors and the
width is thin enough to allow quantum mechanical tunneling for doping densities higher
than 10 cm™3.3% Also, it has been reported that inserting an intermediate layer into the
interface can decrease the FLP and allows changing the barrier by choosing a metal with a

26,3132 Noreover, introducing nickel germanide with a stoichiometric

different work function.
compound (NiGe) at the metal-semiconductor interface can reduce the SBH.3%3331 A low
resistance Ni Ohmic contacts on the highly n-type Ge;_,Sn, layer was reported using the Ni
germanide formation. 3536

The small size and large surface-to-volume ratio of GeNWs might lead to a change in the
band-gap and induce more surface states in the band-gap, respectively, in comparison to bulk
Ge. Therefore, interfacial phenomena such as FLP can show dramatic differences compared

37.38 Tt was reported that the FLP in nanoscale devices can result in SBH

to planar devices.
larger than that at the corresponding bulk interface.?® S. Sett et al. reported the formation
of Cr/Au contacts on the single GeNWs, grown using Au catalyst from vapor, with a low
SBH in the range of 0.15 to 0.3 eV.*° Vertical phosphorus-doped GeN'Ws, grown using vapor-
liquid-solid epitaxy, were reported with Ni-Ge Schottky contacts with SBH of 0.3-0.4 eV. 4
Recently, a promising approach regarding the fabrication of high-quality contacts such as Cu
and Al on semiconductors using in-situ Joule heating in a transmission electron microscope
was presented, which creates very sharp and well defined one-dimensional contacts between
a metal and a semiconductor.*®* Although this method delivering very good results, it
is not industrially relevant. Despite all of these investigations, so far, the fabrication of
appropriate Ohmic contacts on the n-type-doped GeNWs is quite challenging and requires

more comprehensive investigations.

In this work, we report on a combined approach to fabricate Ohmic contacts on n-type-



doped GeNWs. To have precise control over dopant concentrations and their depth profile,
first, phosphorus (P) atoms were implanted into the Ge layer using ion beam implantation.
Subsequently, an advanced annealing process, rear-side flash lamp annealing (rFLA), which
takes place in a timescale of 100 us to 100 ms and operates far from thermal equilibrium, was
performed to activate the P atoms and recrystallize the Ge layer, which is amorphized during
implantation. Highly n-type-doped Ge layers with effective carrier concentrations in the order
of 10 — 10%° cm~2 were achieved. Then, GeNWs with different widths were fabricated in
the n-type-doped Ge layers using electron beam lithography (EBL) and inductively coupled
plasma reactive ion etching (ICP-RIE). Nickel contacts were deposited in a symmetric six-
contact Hall bar configuration, which facilitates the Hall effect and four-probe measurements
simultaneously. To improve the linear characteristics of the Ni-GeNWs contacts, a second
rFLA was applied to induce Ni germanide formation at the Ni-Ge interface, reducing the
SBH. Furthermore, the effect of NW width on transport parameters such as resistivity (p)

and Hall carrier mobility (uy) was investigated.

Experiments

Phosphorus doping of GeOl substrates

Most semiconductor-based devices have at least one junction between p-type and n-type
semiconductors. Hence, to facilitate the fabrication of axial p—n junctions along the GeNWs
for optoelectronic devices, p-type (~ 10?° cm™3) germanium-on-insulator (GeOI) substrates
with a 38-nm-thick top Ge layer, 2.1 x 1072 (Q-cm) resistivity, and 200 nm buried SiO,
layer were used in this study. The substrates were implanted with P ions with an energy
of 15 keV and two different fluences, as mentioned in Table 1, to convert the highly p-type
Ge layer to a highly n-type semiconductor. To prevent the Ge surface from roughening and

44,45

sputtering during ion implantation, a 15-nm-thick amorphous silicon (a-Si) capping layer

was deposited using a Nordiko 2000 sputter deposition tool. After ion implantation, the a-Si



capping layer was removed using tetramethylammonium hydroxide (TMAH, 25%) solution
at 60 °C.%6 Then, the P-implanted samples were annealed using rFLA with an optimized
energy density of 125 Jem ™2 for 20 ms to recrystallize the amorphous Ge layer induced by
the ion implantation and to activate the P dopant atoms. The rFLA process is described in
detail elsewhere.”

Table 1: Ion implantation parameters, P concentration, carrier concentration obtained using
van-der-Pauw configuration, and the conducting type of un-implanted and P-doped samples.

Sample energy (keV) fluence (cm™2) P con. (cm™) carrier con. (cm™) type

GeOI-0 - - - 1.3 x10% p
GeOI-1 15 5x10%° 2.0 x10% 5.8 x10% n
GeOI-2 15 7.5x10"° 3.1 x10%! 1.4 x10% n

Rutherford backscattering spectrometery (RBS) was performed to investigate the crystal
quality of the samples in the un-implanted, as-implanted, and annealed stages. The RBS
measurements were conducted using the 1.7 MeV He™ beam with a diameter of 1 mm at
the 2 MeV van de Graaf accelerator at the Ion Beam Center of the Helmholtz-Zentrum
Dresden-Rossendorf. Secondary ion mass spectrometry (SIMS) measurements were done to
determine the P dopant atoms distribution in the Ge matrix using an JONTOF' V tool, with
cesium sputtering at 500 eV impact energy, a raster size of 300x300 um in negative mode,
and an analyzing Bi ion beam of 25 keV with a raster size of 100x100 pm. The induced
strain in the P-doped Ge layers was investigated by high-resolution X-ray diffraction (HR-
XRD). The XRD was performed with a Rigaku SmartLab diffractometer with a Cu Ky
radiation source. Moreover, the crystal quality of the P-implanted Ge layers was studied
by micro-Raman spectroscopy in backscattering geometry in the range of 100 to 600 cm™!
using a green (532 nm) Nd:YAG laser with a liquid-nitrogen-cooled charge-coupled device
camera. The electrical characterization of the GeOl substrates was carried out using a com-

mercial Lakeshore system with van-der-Pauw configuration via silver wire-bonding. Also, a

superconducting magnet with fields up to +4 T was used.



Fabrication of phosphorus-doped GeNWs

The GeOl-1 substrate, P-implanted with the energy of 15 keV and a fluence of 5 x 10'® cm~2,
was patterned using EBL and ICP-RIE to fabricate n-type-doped GeNWs with different
widths as follows. The negative tone resist hydrogen silsesquioxane (HSQ) (Dow Corn-
ing X-1541 with original 6% concentration), which has sub-5 nm resolution, small edge
roughness, and high etch resistance,*” % was diluted to 2% concentration in methyl isobutyl
ketone (MIBK) and spin-coated on the pre-cleaned and passivated®® GeOl substrates at
2000 rpm for 30 s to get a 40-nm-thick HSQ layer. Then, the samples were baked at 120 °C
for 2 min and immediately loaded into the EBL system. The electron beam exposure was car-
ried out using a Raith e-Line Plus system at an accelerating voltage of 10 kV, 1000 pCem =2
area dose, 30 pum aperture size, and 2 nm area step size. The samples were developed using a
high-contrast TMAH-based development process® and dried with an N, gun. A SENTECH
ICP-Reactive Ion Etcher SI 500 with a continuous flow of SFg (10 sccm), C4Fg (22 scem),
and Os (5 sccm) gases at 0.9 Pa chamber pressure, 400 W ICP power, and 12 W RF power
was used to transfer the HSQ patterns of the NWs into the Ge layer anisotropically. In the
end, the HSQ was removed by a dip in HF (1% in H,0O) solution for 50 s at room tempera-
ture. In order to fabricate the metal contacts, EBL, metal deposition, and lift-off processes
were employed. A positive tone resist, polymethyl methacrylate (PMMA), was spin-coated
on the samples with the patterned GeNWs at 3000 rpm for 50 s and baked at 180 °C for
10 min. Then, the electron beam exposure was performed using the following parameters:

10 kV accelerating voltage, 100 uCcm =2

area dose, 30 pum aperture size, and 20 nm area
step size. The exposed samples were developed in isopropanol/deionized water (7:3) solu-
tion. Right before nickel (Ni) deposition for the metal contacts, samples were put into an
acetic acid/deionized water (1:7) solution to remove the native oxide.?® An ultrahigh vacuum
electron beam Bestec evaporation tool was used to deposit a 70-nm-thick layer of Ni. In the

end, the lift-off was carried out in acetone. Two- and four-probe measurements were done

on the GeNWs to examine the Ni-GeNWs contacts and the NWs resistance. Since the two-



probe current—voltage characteristics were not perfectly linear, an rFLA was performed to
improve the Ni-GeNWs contacts and reduce the contact resistance. Afterward, the electrical
characteristics were investigated using two-probe, four-probe, and Hall effect measurements.

Scanning electron microscopy (SEM) imaging was done using the Raith e-Line Plus sys-
tem. To investigate the structural properties of the n-type-doped GeNWs, cross-sectional
bright-field and high-resolution transmission electron microscopy (TEM) were performed
with an image-Cj-corrected Titan 80-300 (FEI) microscope operated at an accelerating volt-
age of 300 kV. High-angle annular dark-field (HAADF) scanning transmission electron mi-
croscopy (STEM) imaging and spectrum imaging analysis based on energy-dispersive X-ray
spectroscopy (EDXS) were performed at 200 kV with a T'alos F200X microscope equipped
with a Super-X EDXS detector system (FEI). All electrical measurements of n-type-doped
GeNWs were carried out in vacuum (<1077 mbar) using a semiconductor parameter ana-
lyzer (Agilent,4156C") via four needle tips. Also, a superconducting magnet with fields up

to 2 T were used to perform the Hall effect measurements.

Results and discussion

Characterization of phosphorus-doped Ge layers

RBS and SIMS measurements

The crystalline structure of the P-implanted Ge layer was investigated using RBS, performed
in random (R) and channeling (C) backscattering directions. The RBS spectra of the Ge
signal for un-implanted (GeOI-0), as-implanted (GeOI-1, as-imp.), and annealed (GeOI-1,
rFLA) samples are shown in Figure 1(a). The high channeling backscattering yield of the
as-implanted GeOI-1 sample is related to the amorphization of the Ge layer. The minimum
yield (Xmin) of the Ge signal, which is defined as a ratio of integrated channeling yield to

random yield (i.e. channeling yield /random yield), was 0.358 (un-implanted), 0.654 (as-



implanted), and 0.361 (rFLA). The y,nn of the annealed GeOI-1 sample is very close to the
Xmin Of the GeOI-0 sample, indicating good recrystallization of the Ge layer via solid phase
epitaxial regrowth during rFLA.”

Moreover, SIMS was used to determine the depth profile of the P dopant atoms in the
Ge matrix of the GeOI-1 sample before and after rFLA, shown in Figure 1(b). As can be
seen, there is a slight redistribution of P atoms across the Ge layer after rFLA with an

accumulation of P at the Ge surface and Ge/SiO, interface.
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Figure 1: (a) RBS random (R) and channeling (C) backscattering yield spectra of GeOI-0,
as-implanted and annealed GeOI-1 samples. (b) SIMS measurements of the P distribution
in the Ge layer of the GeOI-1 sample before and after rFLA.

X-ray diffraction

High-resolution X-ray diffraction (HR-XRD) measurements were performed along the (004)
and (224) reflections to determine the out-of-plane (a*) and in-plane (all) lattice parameters
of the Ge layers of the GeOI-0 (un-implanted), GeOI-1 (rFLA) and GeOI-2 (rFLA) samples,
respectively. The symmetric 004 and asymmetric 224 diffraction peaks of the un-implanted
and P-doped (after rFLA) Ge layers are shown in Figure 2(a,b) and summarized in Table 2.
The at of GeOI-0 sample is 5.660 A, while all is 5.656 A. The lattice parameter of relaxed

bulk Ge (aP"¥) is 5.657 A.52 Hence, the un-implanted sample (GeOI-0) exhibits a slight out-



of-plane tensile strain. A detailed calculation of the lattice parameters a' and all is provided
in the Supporting Information and summarized in Table 2. As seen, P implantation leads to
a contraction of the lattice. Since the covalent radius of P (107 pm) is smaller than that of

53,54

Ge (120 pm), P can efficiently reduce the lattice parameters of the P-doped Ge layers.

As seen, P doping in the GeOI-1 sample leads to compensation for the already existing out-
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Figure 2: X-ray diffraction pattern of (a) symmetric (004) and (b) asymmetric (224) reflec-
tions of Ge layer of the GeOI-0 (un-implanted), GeOI-1 (rFLA) and GeOI-2 (rFLA) samples.

of-plane tensile strain. The incorporation of more P dopants in the GeOI-2 sample gives rise

to out-of-plane compressive strain in the Ge layer. Also, the full width at half maximum

(FWHM) of 004 and 224 diffraction peaks of the GeOI-2 sample is slightly wider than the
one of the GeOI-1 sample, which is related to the higher fluence of P implantation, leading
to lower crystal quality after rFLA compared to the GeOI-1 sample.

Table 2: Symmetric 004, asymmetric 224 diffraction peak positions, out-of-plane (al) and
in-plane (all) parameters, out-of-plane strain (¢*) and in-plane strain (¢ll) of the Ge layers
of the GeOI-0 (un-implanted), GeOI-1 (rFLA) and GeOI-2 (rFLA) samples.

Sample 20(004) (O) 26)(224) (O) aL (A) a” (A) €J' (%) 5” (%)
GeOI-0 65.96 83.65 5.660  5.656 +0.06 —0.01
GeOI-1 66.00 83.67 5.657  5.658 0.00  +0.02
GeOI-2 66.11 83.77 5.649 5659 —0.14 +0.04
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Raman spectroscopy

To study the influence of P doping on the optical phonon mode of the Ge layer, micro-Raman
spectroscopy measurements were performed at room temperature. The normalized Raman
spectra of the un-implanted, as-implanted, and annealed samples are shown in Figures 3(a)
and 3(b). The sharp peak of the un-implanted sample (GeOI-0), located at 299.7 cm™!, is
related to the transverse/longitudinal optical (TO/LO) phonon mode of crystalline Ge (c-
Ge). The optical phonon mode of c-Ge in relaxed Ge is located at 300.5 cm~1.5* The
as-implanted GeOI-1 and GeOI-2 samples show a broad peak centered at around 272 cm™*
in addition to the intense peak of the TO phonon mode of ¢-Ge, as shown in Figure 3(a).
This broad peak is related to the amorphous Ge (a-Ge) layer induced by the P implantation.
The intensity of the amorphous peak increases by raising the implantation fluence. The
narrow peak is attributed to a phonon signal coming from the crystalline part of the Ge
layer under the amorphized Ge, which can act as a seed layer for recrystallization via solid

phase epitaxial regrowth during rFLA.”
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Figure 3: Normalized micro-Raman spectra of un-implanted, as-implanted (a) and rFLA (b)
samples.

The Raman spectra of the annealed GeOI-1 and GeOI-2 samples are shown in Figure 3(b).
The broad peak, related to a-Ge, disappeared after rFLA. The TO phonon mode of c-Ge

for the annealed GeOI-1 and GeOI-2 samples is located at 300.2 cm™! and 300.4 cm™!
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, respectively. The blue-shift of the TO phonon mode of c-Ge with respect to the un-
implanted sample, GeOI-0, can be related to the alloy disorder and induced strain in the
Ge lattice because of P incorporation.®?°* The first weak broad peak at about 346.6 cm™!
can be assigned to the local vibrational phonon mode of P-Ge in the Ge matrix, which
indicates P dopant atoms were placed into the substitutional sites in the crystalline region
of the Ge lattice.?® The other broad peak, centered at 386.3 cm™!, is related to the local
vibrational phonon mode of Si-Ge.? The SiGe layer is formed close to the surface because
of Si penetration from the a-Si capping layer into the Ge surface during ion implantation.
As seen, the intensity of the P-Ge broad peak increased by increasing the P implantation
fluence because of the higher incorporation of P atoms in the Ge matrix.

The TO phonon mode of c-Ge is asymmetrically broadened toward lower wavenumbers,
which can be related to a Fano interference.?>®” The Fano interference occurs because of
an interaction between discrete optical phonons and continuum carrier excitations in highly
doped Ge. Moreover, Raman scattering is suppressed on the high wavenumber side of the
peak, which is known as an anti-resonance. The anti-resonance is caused by destructive

interference and is a characteristic of the Fano interference. %57

Electrical measurements

Transport characteristics such as resistivity (p), carrier concentration, and Hall mobility ()
of un-implanted and P-doped (after rFLA) samples were measured using van-der-Pauw ge-
ometry in the temperature range of 5 K to 300 K. As shown in Figure 4(a), the resistivity
of all samples decreases at lower temperatures, which indicates a metallic behavior.
Moreover, Hall effect measurements indicate that the P-doped samples are successfully
converted to n-type semiconductors (Figure S1). Temperature-dependent carrier concentra-
tion and Hall mobility are shown in Figures 4(b) and 4(c), respectively. The hole concen-
tration of the un-implanted GeOI-0 sample is in the range of 1.3 x 10?° cm 3. The electron

concentrations of the P-doped GeOI-1 and GeOI-2 samples after rFLA are in the range of
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Figure 4: Temperature-dependent (a) resistivity(p), (b) carrier concentration, and (¢) Hall
mobility (pug) of the un-implanted (p-type) and P-implanted (n-type) samples after rELA.

5.8 x 10 em™3 and 1.4 x 10%° em ™3, respectively. Since the doping levels are so high, there
is no freeze-out at low temperatures. The electron mobility in the GeOI-1 sample is in the
range of 100-120 cm?V~!s™!, which is higher than the carrier mobilities in the other samples.
The GeOI-2 sample has higher electron concentration, leading to higher electron-impurity

scattering, and hence, higher resistivity and lower mobility compared to the GeOI-1 sample.

Characterization of n-type-doped GeNWs

SEM and TEM analysis

Figure 5(a,b) shows the SEM images of the GeNW with an average width of 30 nm and
the Hall-bar-configuration-based device of an n-type-doped GeNW with thin bars. TEM
analysis was performed to investigate the nanostructure of the P-doped GeNWs after rFLA.
Figure 6(a) shows a cross-sectional bright-field TEM image of a GeNW with an average width
of 77 nm, obtained from the NW location indicated with a yellow dashed line in the SEM
image shown in Figure 5. To record the TEM image, the specimen was oriented in Si [1 1 0]
zone axis geometry relative to the electron beam. Since the Ge on the SiO, insulator is
slightly misoriented with respect to the Si substrate, the TEM lamella had to be tilted by
several degrees to bring the GeNW in [0 1 0] zone axis. The corresponding fast Fourier

transform obtained from a high-resolution TEM image of the Ge region (not shown here)
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Figure 5: SEM images of (a) the GeNW with an average width of 30 nm, and (b) the Hall-
bar-configuration-based device of an n-type-doped GeNW. The main pads (A,B) and the
small bars (C-F) are shown in the image. The yellow dashed line refers to the NW location
used for cross-sectional TEM analysis (Figure 6).

Figure 6: (a) Cross-sectional bright-field TEM image (obtained in Si [1 1 0] zone axis geom-
etry) of a n-type-doped GeNW with an average width of 77 nm. (b) Fast Fourier transform
of a high-resolution TEM image of the GeNW (obtained in Ge [0 1 0] zone axis geometry;
not shown). (c) Superimposed Si (green), O (red), and Ge (blue) distributions as well as
(d) P distribution (cyan) in the GeNW.
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is depicted in Figure 6(b), leading to the conclusion that the P-doped GeNW has a single-
crystalline structure. Regarding the chemical composition, Figures 6(c) and 6(d) display the
superimposed Si, O, and Ge distributions and the P element map, respectively. As seen, P
is not completely homogeneously distributed within the GeNW, which is in agreement with
the SIMS results. There are slightly enhanced P signals in the upper third of the GeNW
and at the interface with the SiO,. These results are confirmed by a longitudinal section of
a GeNW region not covered with nickel, as shown in Figure S2.

A longitudinal view of the Ni contact area is shown in the bright-field TEM image of
Figure 7(a). To further study the interface between Ni and Ge, spectrum imaging analysis
based on EDXS was performed. As indicated by the slightly enhanced brightness of the
upper GeNW part in the HAADF-STEM image in Figure 7(b) and confirmed by the Ni map
in Figure 7(c), we observe Ni penetration into the GeNW to a depth of about 15 nm. While
the Ge crystal structure seems to be unchanged in the deeper regions of this penetration zone,
HRTEM imaging (Figure S3) points to the formation of a crystalline Ni germanide directly
below the germanium oxide layer (black line in the HAADF-STEM image and the Ni map).
Because of the small thickness of this discontinuous Ni germanide layer in combination
with the finite thickness of the TEM lamella, Ni germanide phase determination was not
possible. Above the oxide layer, there is an additional, about 2-nm-thick Ni-Ge intermixing
layer. Regarding the P distribution within the GeNW (Figure 7(e)), there is no significant

difference compared to the GeNW region without nickel (Figure S2).
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Figure 7: (a) Longitudinal bright-field TEM image (obtained in Si [1 1 0] zone axis geom-
etry) of a n-type-doped GeNW region covered with Ni. (b) HAADF-STEM image, (c) Ni
distribution (magenta), (d) superimposed Si (green), O (red), and Ge (blue) distributions
as well as (e) P distribution (cyan) from the region marked with the white rectangle in
panel (a).

Electrical measurements

Two-probe measurements were performed on different contact pairs, called main pads and
small bars, to investigate the linear characteristics of Ni contacts on the highly n-type-doped
GeNWs with Hall bar configuration. The main pads refer to contacts AB and small bars

refer to contacts CE or DF, shown in Figure 5. To perform the two-probe measurements,
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Figure 8: Two-probe measurements of (a) Ni-Ge main pads (contacts AB) and (b) Ni-Ge
small bars (contacts CE) of n-type-doped GeNW with an average width of 77 nm. rFLA-1
refers to the first rFLA for activation of the P dopant atoms in the Ge layer, and rFLA-2
refers to the second rFLA for Ni germanide formation at the Ni-Ge contacts.

the voltage was swept through one contact while the other contact was grounded, and si-
multaneously the current was measured. As seen in Figure 8(a), two-probe current—voltage
characteristics of the main pads exhibit linear behavior. However, the small bars (contacts
CE) show a quasi-linear characteristic with a low conduction current (black circles in Fig-
ure 8(b)). Severe Fermi level pinning at the interface between Ni contacts and n-type Ge
leads to the formation of a Schottky barrier, almost independent of the metal work function.
Since the Schottky barrier width is inversely proportional to the doping density in semicon-
ductors, the high carrier concentration shrinks the depletion region at the Ni-Ge interface,
known as a tunnel junction, through which field emission can take place.?”%" It seems that
the carrier concentration in the small bars of GeNW with an average width of less than
50 nm is not high enough to shrink the Schottky barrier and show linear behavior. This
might be related to the tendency of carriers to diffuse to the surface and get trapped at the
surface states.?® To improve the linear characteristics of the Ni contacts on the small bars
of n-type-doped GeNWs, a second rear-side flash lamp annealing (rFLA-2) with an energy

density of 74 Jem~=2 for 3 ms was conducted to form Ni germanide at the interface of the

Ni-Ge contacts. As shown in Figure 8(b), the conduction current of the small bars increased
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and became linear, which indicates the formation of Ni germanide at the interface of the Ni-
Ge contacts. The formation of Ni germanide was confirmed by spectrum imaging analysis
based on EDXS, although the Ni germanide phase was not possible to determine (Figure 7).
Ni germanide has different phases including NiGe, Ni;Ge, Ni3Ge, and NisGesz, whereby the
stoichiometric NiGe phase forms at higher temperatures and has the lowest resistivity. 392963

The resistance of the n-type-doped GeNWs with different widths was determined using
four-probe measurements. For each GeNW width, five devices were fabricated and charac-
terized. To do so, the voltage drop along the GeNWs was measured via the contacts CF or
DE while the current was sourced through the contacts AB. Figure 9(a) shows the four-probe
current—voltage characteristics of the GeNW with an average width of 77 nm. As seen, the
resistance of the GeNW decreased slightly after rFLA-2. The resistivity of the n-type-doped
GeNWs was calculated using the measured resistance and the NW dimensions obtained via
SEM images. The normalized resistivity of the n-type-doped GeNWs with respect to the thin
film resistivity is plotted as a function of NW width at 300 K by considering the mean values
and standard deviations, shown in Figure 9(b). The thin film resistivity was defined as the
resistivity of the largest fabricated wire with a cross-section of 3000 nm x 38 nm, which is
expected to behave similarly to a thin film.

The normalized resistivity of the GeNWs increases with decreasing NW width. Accord-
ing to the theoretical models of size-dependent electrical conductivity, the NW resistivity is
mainly caused by a combination of three main carrier scattering mechanisms: background
or bulk scattering, external surface scattering, and grain boundary scattering. %% The HR-
TEM analysis indicated that the P-doped GeNWs have a single-crystalline structure after
recrystallization during rFLA. This means that the grain boundary scattering can be ex-
cluded. The increase of the surface-to-volume ratio of the small GeNWs leads to an enhanced
contribution of surface scattering. Therefore, scattering in the region near the surface is the
dominant mechanism for resistivity enhancement in the small GeNWs, which reduces the

effective cross-section of the GeNWs. More details regarding the surface scattering region
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Figure 9: (a) Four-probe measurement of a GeNW with an average width of 77 nm. (b) Nor-
malized resistivity of n-type-doped GeNWs as a function of NW width by considering the
mean values and standard deviations. rFLA-1 refers to the first rFLA for activation of the
P dopant atoms in the Ge layer, and rFLA-2 refers to the second rFLA for Ni germanide
formation at the Ni-Ge contacts.

near the surface were discussed elsewhere.?® The surface passivation of GeNWs with a high-
quality oxide layer such as Al,O3 and annealing in a N, ambient can decrease the resistivity
by reducing the interface states and terminating the dangling bonds (Figure S4).%0 As seen
in Figure 9(b), the normalized resistivity of the n-type-doped GeNWs remained almost the
same after rFLA-2 except for NWs with average widths less than 50 nm, where the resistivity
decreased slightly after rFLA-2. The resistivity reduction can be related to the incorporation
of more P atoms in the Ge matrix or a reduction of the defect concentration (Figure S5).
Hall effect measurements were performed for n-type-doped GeNWs after rFLA-2 at room
temperature using the Hall bar configuration. Detailed measurements are provided in the
Supporting information (Figure S6). The estimated carrier concentrations as a function of
the NW width are presented in Figure 10(a). As it can be seen, the carrier concentration
of the GeNWs decreases slightly by narrowing the NW width. This is related to the ten-
dency of carriers to diffuse to the NW surface and be trapped at the GeNW /GeO,, interface
states. These interface states act as carrier traps and lead to a depleted region close to

the NW surface, resulting in reduced carrier concentrations.%” The biggest wire, considered
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Figure 10: (a) Estimated carrier concentration and (b) Hall mobility of the n-type-doped
GeNWs as a function of NW width by considering the mean values and standard deviations
after rFLA-2 at room temperature.

in our manuscript, has a relatively large width of 3 um and we expect that by increasing
further the wire width, the carrier concentration remains nearly the same. However, the
carrier concentration of the widest wire, considered as a thin film, is about 36% lower than
the one of the un-patterned sample (GeOI-1), measured by using van-der-Pauw geometry.
This difference can be due to the different structures and different measurement methods.
Because of the sample size, which can cause voltage shunting, the V measured with van-der-
Pauw geometry is not as precise as the one measured by Hall bar configuration (Supporting
Information). By having the carrier concentration and the resistivity (p), the carrier Hall
mobility (ug) of GeNWs can be determined. The room temperature Hall mobility of the
n-type-doped GeNWs as a function of NW width is shown in Figure 10(b). As one can see,
the carrier mobility drops with decreasing NW width. The reduced Hall mobility is related
to the enhanced surface scattering of thin NWs because of their high surface-to-volume ratio,

which leads to higher resistivity.
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Conclusions

In summary, ion beam implantation followed by rFLA was used to dope the Ge layer of a
GeOlI substrate with P atoms. The electrical characteristics of the GeOI substrates, mea-
sured via van-der-Pauw geometry, indicated that the P-doped Ge layers have a high electron
concentration in the order of 101 — 10%° ¢cm=3.

The highly n-type-doped GeNWs with different widths, fabricated using EBL and ICP-
RIE, were characterized by using a Hall bar configuration. To overcome the Fermi level
pinning, which leads to a formation of a Schottky barrier at the Ni-GeNWs contacts, a second
rFLA for 3 ms was applied. According to TEM analysis, the rFLA caused the Ni diffusion
into the Ge up to 15 nm, which improved the current—voltage characteristics because of the
formation of Ni germanide at the Ni-GeNWs contacts. In addition, it was shown that with
narrowing the NW width, the resistivity increases and the Hall mobility decreases, which is
related to the enhanced carrier scattering near the NW surface and the decreased effective
cross-sectional area of the GeNWs.

The presented combined approach of the fabrication of highly n-type-doped GeNWs in the
p-type-doped Ge layers and their Ohmic contact formation can facilitate the construction of
an axial p—n junction based on a single NW. The NW-based p—n junctions as a fundamental

component can be used for electronic and optoelectronic devices.
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