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Abstract 

Ge-on-Si and Ge-on-insulator (GeOI) are the most promising materials for the next-generation 

nanoelectronics that can be fully integrated with silicon technology. To this day, the fabrication of 

Ge-based transistors with a n-type channel doping above 5×1019 cm-3 remains challenging. Here 

we report on n-type doping of Ge beyond the equilibrium solubility limit (ne ≈ 6×1020 cm-3) 

together with a nanoscale technique to inspect the dopant distribution in n++-p junctions in GeOI. 

The n++ layer in Ge is realized by P+ ion implantation followed by millisecond-flash lamp 

annealing. The electron concentration is found to be three times higher than the equilibrium solid 

solubility limit of P in Ge determined at 800 oC. The millisecond-flash lamp annealing process is 

used for the electrical activation of the implanted P dopant and to fully suppress its diffusion. The 

study of the P activation and distribution in implanted GeOI relies on the combination of Raman 

spectroscopy, conductive atomic force microscopy and secondary ion mass spectrometry. The 

linear dependence between the Fano asymmetry parameter q and the active carrier concentration 

makes Raman spectroscopy a powerful tool to study the electrical properties of semiconductors. 

We also demonstrate the high electrical activation efficiency together with the formation of ohmic 

contacts through Ni germanidation via a single-step flash lamp annealing process.  

 

Keywords: germanium, c-AFM, TERS, n-type doping, GeOI, ion implantation, flash lamp 

annealing 
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1. Introduction 

The first transistor was made of Ge in 1948. However, Ge was fully replaced by Si in 

microelectronics, because of technological hurdles: the lack of a stable oxide, doping issues and 

problems with the formation of low-resistance ohmic contacts with n-type Ge. Nowadays, the Si-

based complementary metal-oxide-semiconductor (CMOS) technology is at its limit. Further 

miniaturization of electronic devices would require new solutions for patterning and doping of 

channel materials [1]. Therefore, the integration of high carrier mobility semiconductors with 

CMOS technology is very promising. Initially, III-V compound semiconductors were considered 

for integration with Si, but the III-V approach has fundamental physical limitations, like unstable 

gate dielectric, high source to drain leakage, low hole mobility in most of the III-V semiconductors, 

etc. This alternative is also expensive and difficult to integrate with the existing technology [2, 3].  

Ge, however, is one of the most promising candidates that can complement or even replace Si in 

future nanoelectronics [4-6]. In general, Ge is the most Si-compatible high-mobility channel 

material. The electron and hole mobilities in Ge are about two and four times higher than that of 

Si, respectively. Moreover, the carrier mobility in Ge can be easily enhanced by alloying Ge with 

Sn and strain engineering [7-10]. The Si chemistry and high-k gate oxides can also be adopted for 

Ge which makes the integration of Ge with Si even more attractive. The remaining challenges in 

Ge nanoelectronics are ultra-high n-type doping and a low specific contact resistance (c) in n-

type Ge. Recently, different approaches have been developed to realize ultra-high n-type doping 

in Ge e.g. multi-step ion implantation [11], molecular beam epitaxy (MBE) delta doping [12], ion 

implantation followed by pulsed laser annealing [13] or flash lamp annealing [14,15], and 

molecular doping [16].  

In addition, different techniques have also been reported to probe and visualize the dopant 



 

4 
 

distribution in semiconductors after the doping procedure. In recent years, scanning spreading 

resistance microscopy (SSRM) has become one of the main methods of choice for two-

dimensional carrier profiling in Si- and Ge-based nanostructures [17-19]. Carrier profiling in thin 

semiconductor films can also be obtained using electrochemical capacitance-voltage (ECV) 

profiling. ECV is commonly used to determine the doping level in group IV semiconductors (Si, 

Ge, SiGe) as well as in III-V compound semiconductors [20]. In contrast to secondary ion mass 

spectrometry (SIMS), ECV provides a depth profile of electrically active dopants. Moreover, 

different dopants in Ge or Si can also be detected through Raman spectroscopy by measuring the 

local vibrational phonon mode and Fano effect [21-24]. Both the peak intensity of the Ge-P local 

vibrational phonon mode and the Fano parameter  are determined by the P concentration while 

the Fano asymmetry parameter q is proportional to the electrically active P dopants and the 

absolute value of q decreases with increasing the carrier concentration. Moreover, the peak position 

of Ge-P phonon mode shifts towards higher wavenumbers with increasing P concentration. 

Additionally, for the very high P concentration the Ge-P phonon mode can broaden due to the 

formation of electrically inactive P-P dimers. The low specific contact resistance on n-type Ge is 

mainly realized by germanidation of Ni during rapid thermal annealing (RTA) [25, 26]. To this 

day, stoichiometric NiGe on n-type Ge shows the best performance in terms of ohmic contacts.  

In this paper, we present a novel methodology to explore the carrier distribution in ultra-doped 

germanium using Raman spectroscopy. The n++-p junction in GeOI is realized by ion implantation 

of P into p-type Ge followed by rear-side flash lamp annealing (FLA) for 20 ms [14, 27]. The 

maximum electron concentration calculated from the Raman spectra and confirmed by Hall effect 

measurement is found to be in the order of 6×1020 cm-3 which is the highest value ever published 

for n-type Ge. The depth distribution of P in ion-implanted GeOI and the formation of n++-p 



 

5 
 

junction in GeOI are probed by tip-enhanced Raman spectroscopy (TERS) and conductive atomic 

force microscopy (c-AFM), respectively. The TERS and the c-AFM signals are recorded along a 

bevel made in GeOI using e-beam lithography and reactive ion etching. c-AFM is also used to 

visualize the n-type, the p-type and the depleted regions in the n++-p junction. During the same 

single flash pulse, a 10 nm thick Ni film, previously deposited on top of the P-doped Ge layer, 

diffuses into Ge forming a stoichiometric NiGe layer. We demonstrate that this single-step FLA 

processing of P-implanted Ge prevents the unwanted deactivation of carriers and P diffusion, 

which were reported to occur in Ge during conventional annealing [28]. 

2. Methods 

2.1 Sample preparation 

Ge-on-insulator (GeOI) samples with 200 nm thick highly p-type doped (1×1019
 cm-3) Ge layer 

(IQE Advanced Silicon) or intrinsic GeOI samples were implanted with P ions with different 

fluences ranging from 5×1014 cm-2 to 5×1015 cm-2
 and at an energy of 20 keV corresponding to P 

concentrations of 1, 3, 5, 7, and 10×1020
 cm-3. The Si substrate and the oxide layer were 675 m 

and 150 nm thick, respectively. The distribution of P in Ge was calculated using the stopping and 

range of ions in matter (SRIM) code [29] and confirmed by secondary ion mass spectrometry 

(SIMS). Prior to ion implantation, a 20 nm thick SiO2 layer was deposited by plasma-enhanced 

chemical vapour deposition (PECVD). The oxide layer was used to protect the Ge surface during 

ion implantation and in turn to suppress the out-diffusion of P during post-implantation annealing. 

The post-implantation annealing was performed for 20 ms using FLA applied to the rear side of 

the sample [14]. The maximum surface temperature during FLA was estimated to be about 850 oC 

and the energy density deposited onto the sample surface was in the range of 90 to 125 Jcm-2. After 
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annealing, the SiO2 layer was removed in a buffered hydrofluoric acid. To investigate the specific 

contact resistance of NiGe made by in-diffusion of Ni into P implanted Ge during millisecond 

range FLA, the following process flow was carried out: (1) the SiO2 capping layer was removed 

from the as-implanted sample, (2) Ni stripes were deposited on the Ge (for the transfer length 

method, TLM), (3) deposition of a SiO2 capping layer at RT by sputtering, (4) FLA and (5) etching 

of SiO2 capping layer in HF. The formation of ohmic contacts to n-type Ge was realized by 

germanidation of a 10 nm thick Ni layer. The germanidation was done in-situ together with the P 

activation within a single flash pulse of 20 ms at an energy density of 95 Jcm-2.  

 

FIG. 1. Schematic representation of the fabrication and the characterization processes of a shallow 

n++-p junction in GeOI: 200 nm thick p-type GeOI wafer covered with a 20 nm thick SiO2 

protective layer deposited by PECVD (a), ion implantation followed by rear-side FLA (b), bevel 

formation by e-beam lithography and inductively coupled plasma (ICP) etching (c), schematic 

cross-section of the bevel (d).  
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In order to obtain the in-depth distribution of electrically active P atoms, the peak intensity 

of the Ge-P phonon mode was monitored by tip-enhanced nano-Raman spectroscopy (TERS). 

Prior to this step, a lithographically defined 50×50 m square was etched by inductively coupled 

plasma (ICP) using a SF6 and C4F8 plasma (see Fig. 1c). The ICP etching parameters were 

optimized for the under-etching of Ge below the polymer mask (etching parameters: SF6: 12 sccm, 

C4F8: 20 sccm, ICP power: 400 W, platen power: 12 W, pressure 1.13 Pa). These conditions 

resulted in the formation of a bevel schematically shown in Fig. 1 (d). The experimental process 

flow for samples intended for TERS/c-AFM characterization is as follows: 1) deposition of a 

capping layer (Fig. 1a), 2) ion implantation (Fig. 1b), 3) rear-side FLA, 4) removal of the capping 

layer, 5) e-beam lithography, 6) ICP (SF6+C4F8) (Fig. 1c), 7) electrical contact formation, and 8) 

characterization by TERS and c-AFM (Fig. 1d). The electrical contacts for c-AFM were performed 

on the previously flash-lamp annealed samples. To this end, we have exclusively used Ti/Au 

contacts for c-AFM experiments that are sufficiently good to provide ohmic contact to highly 

doped n-type Ge.  

2.2. Sample characterization 

P concentration versus depth profiles were measured by SIMS employing a Cameca IMS7f 

micro-analyzer. A beam of 15 keV Cs+ ions was rastered over a surface area of 200×200 m2 and 

secondary ions were collected from the central part of the sputtered crater. Crater depths were 

measured with a Dektak 8 stylus profilometer, and a constant erosion rate was assumed when 

converting the sputtering time to sample depth. Calibration of the P signal was performed using 

the as-implanted sample as a reference. The electrical properties of the implanted and the annealed 

GeOI samples were determined by Hall effect measurements using a commercial Lakeshore Hall 

System with van der Pauw configuration in the temperature range of 2 to 300 K. Figure 2 shows 
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the electron concentration as a function of P concentration obtained from implanted and annealed 

samples at 2.5 K and 300K, respectively. The thickness of the doped layers (P distribution) used 

to calculate the active carrier concentration was taken from SIMS measurements. For the lowest P 

concentration (1×1020 cm-3), the activation efficiency of P implanted into Ge is above 80 % and 

slightly decreases with increasing P concentration. Finally, for the P concentration as high as 

1×1021 cm-3 the activation efficiency is in the range of 60 %.  

 

Figure 2. Active carrier concentration as a function of P concentration estimated from Hall effect 

measurements at 2.5 (red circles) and 300 K (black squares).  

The electron concentration obtained at RT is a slightly lower. Some of defects in Ge are acceptors, 

which donate holes into the matrix. Śpiewak et al. using density functional theory with local 

density approximation including on-site Coulomb interaction have shown that vacancies in Ge 

have two acceptor levels for different ionization states (0/1-) and (1-/2-) [30]. The first acceptor 

level for (0/1-) is located about 0.02 eV and the second level for (1-/2-) is located about 0.26 eV 

above the valence band maximum. Taking into account the very high electron concentration in the 

investigated samples, we assume that most of vacancies are in their highest charging state. 

Therefore, they are deep acceptors and cannot provide holes into the matrix at low temperature. 

Hence, the measured effective carrier concentration at 2.5 K corresponds to the concentration of 

electrically active P atoms in the substitutional position. 
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The Raman active phonon modes were investigated by micro-Raman and TERS using 

green (532 nm) and red (632 nm) lasers for excitation, respectively. TERS experiments were 

performed in side-illumination/side-collection configuration (XploRa NanoRamanTM platform, 

HORIBA Scientific). The achieved lateral resolution for TERS is in the range of 8 nm as 

determined on a reference sample with a silver coated TERS tip (OmniTM TERS probes, HORIBA 

Scientific) [31]. The n++-p junction was visualized by c-AFM (Bruker MM8) using a diamond 

coated conductive n+-silicon tip (CDT-CONTR-10), with a resistivity of 0.01 – 0.02 Ωcm and a 

logarithmic current amplifier. Prior to c-AFM measurements, samples were cleaned in deionized 

water for native oxide (GeOx) removal. The obtained c-AFM images were analyzed by the 

software Gwyddion. The measurements of contact resistance on the formed NiGe contacts were 

carried out using the TLM. 200 m long × 50 m wide Ni stripes separated by 10, 20, 40, 60, 80 

and 100 m were deposited on Ge using optical lithography and the lift-off method. The TLM 

structures allow to extract the contact resistance (Rc), the transfer length (LT), and the sheet 

resistance (Rs) from which the specific contact resistance (c) is subsequently calculated. To 

investigate the microstructural properties of the Ni-germanide layer, cross-sectional transmission 

electron microscopy (TEM) investigations were performed on a Titan 80-300 (FEI) microscope 

operated at an accelerating voltage of 300 kV. High-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) imaging and element mapping based on energy-dispersive 

X-ray spectroscopy (EDXS) were performed at 200 kV with a Talos F200X microscope equipped 

with a Super-X EDXS detector system (FEI). Prior to TEM analysis, the specimen mounted in a 

high-visibility low-background holder was placed for 10 s into a Model 1020 Plasma Cleaner 

(Fischione) to remove organic contamination.  

3. Results and discussion 
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Figure 3a shows the 3D topographic mapping of the bevel formed in GeOI using e-beam 

lithography and ICP etching obtained by c-AFM measurements and the cross-section schematic 

representation of the fabricated n++-p junction. The P concentration in the n++-layer is 1×1021 cm-3 

and the sample was annealed for 20 ms at an energy density of 95 Jcm-2. Fig. 3b shows the 2D c-

AFM image obtained from the bevel made in the P-implanted and annealed GeOI sample. The 

colour code, from brown/red to blue/white, correspond to low and high resistive regions, 

respectively.  
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FIG. 3. The topography of the bevel (a) and the resistance mapping over the n++-p junction (b). 

The blue and red colours correspond to high and low resistive regions, respectively. (c) shows the 

bevel height projected on the xz plane obtained by c-AFM measurement. The P implanted GeOI 

was annealed for 20 ms at an energy density of 95 Jcm-2. 

 

According to c-AFM measurements (Fig. 3b), three regions within the bevel can readily be 

distinguished: (i) a highly conductive n++ top layer due to the P doping, (ii) a depletion region at 

the interface between n++- and p-type Ge and (iii) the p-type Ge. The highly resistive left and right 

parts (blue) of the c-AFM image corresponds to the SiO2 (buried oxide) layer in GeOI and residual 
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capping oxide, respectively. In general, the profile of the etched bevels depends on the etching 

parameters, such as plasma composition, temperature, power and pressure [32]. Either reactive ion 

etching (RIE) or ICP etching of Si and Ge are usually carried out with halogen-based chemistries 

(Cl2, CF4, SF6 and HBr). The ICP etching of Si and Ge is isotropic. Castro et al. have shown that 

using Cl2/N2 plasma, it is possible to etch Ge selectively from the Si substrate with an anisotropic 

etching profile [32]. The etching selectivity of Ge and Si is 116 i.e. the etching rate of Ge compared 

to the etching rate of Si using Cl2/N2 plasma is 116 times faster. Using different plasma parameters, 

the etching profile of intrinsic Ge can be precisely controlled. This is, however, more challenging 

in doped materials. Lee and Chen have investigated the influence of the doping level in Si on the 

etching rate during halogen-based RIE [33]. It was found that for doping levels below 1018 cm-3 

the etching rate is roughly the same in p- and n-type Si. On the contrary, it changes significantly 

for doping levels above 1019 cm-3. For example, in P or As (n-type) heavily doped Si, the Coulomb 

attraction between uncompensated donors and chemisorbed halogens increases the etching rate of 

Si, whereas in case of p-type Si the Coulomb repulsion between uncompensated acceptors and 

chemisorbed halogens decreases the etching rate [33]. Because of the similarity between Si and 

Ge the same mechanism is expected to take place in Ge during RIE. In fact, the different slopes of 

the bevel profile presented in Fig. 3c clearly evidence the variation of the etching rate as a function 

of Ge doping. From the shape of the etching profile, the thickness of individual layers can be 

determined (n++ layer, depletion layer and p-type layer). The n++ layer is etched with the highest 

etching rate and reveals a thickness of about 40 nm. Likewise, the depletion and the residual p-

type layers are about 8 and 152 nm thick, respectively. The thickness of the n++ layer estimated 

from c-AFM measurements fits well with the P distribution in Ge predicted by the SRIM code and 

measured by SIMS. Figure 4a shows the depth distribution of P in the as-implanted (black squares) 
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and annealed (red circles) samples. The FLA was performed for 20 ms at an energy density of 95 

Jcm-2 in N2 ambient. P was implanted through the SiO2 layer and the projected ion range (Rp) was 

designed to be slightly below the SiO2/Ge interface, Rp~30 nm. Therefore, after removing the 

capping layer, the maximum concentration of P is close to the Ge surface. The P concentration 

monotonically decreases below 20 nm which is expected for the ion implanted layer with Gaussian 

distribution of implanted dopants. At the depth of about 50 nm, the P concentration is equal to the 

B concentration in the virgin sample (in the range of 1×1019 cm-3). After annealing and activation 

of the implanted P ions, the n++ layer results in a thickness of about 40 nm. This is in good 

agreement with the data obtained by c-AFM where the highly resistive layer (depletion region) is 

detected to be about 40 nm from the Ge surface. 

The increase of the 31P signal below 180 nm in SIMS profile is due to an interference of 31P signal 

with 30Si from the oxide layer beneath Ge and H, which is always present in the system (the mass 

of 31P is almost the same as the mass of 30Si + H). Recently, we have shown that after ion 

implantation and rear-side FLA, the P distribution in Ge is not affected by the annealing [14]. The 

same behaviour is observed in the GeOI sample. This means that the millisecond range rear-side 

FLA process fully suppresses the diffusion of P atoms in Ge, even in the case when the P 

concentration is much higher than the equilibrium solid solubility at 800 oC. Due to high fluence 

P implantation it is expected that the n++ layer might be contaminated with oxygen which can be 

introduced into Ge via recoil implantation from the capping layer. In the present work, a SiO2 

capping layer grown by PECVD has been used. Unfortunately, oxygen has negative influence on 

the electrical properties of Ge [34]. Therefore, the SiO2 layer is not the best choice to protect the 

Ge surface from sputtering/roughening during ion implantation. In the future, different capping 

layers will be tested, e.g. amorphous Si or Si3N4. 
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FIG. 4. The depth distribution of P in Ge obtained for the as-implanted and annealed samples using 

SIMS (a) and phonon spectra obtained from heavily doped n-type Ge using TERS at different 

lateral bevel positions (b). The inset in (b) shows the bevel shape and the measurement points 

along the bevel which are marked with different colour arrows. Prior to the measurements, the 

SiO2 layer was removed by etching in HF. GeOI samples used for SIMS and TERS were implanted 

with P at a fluence of 5×1015 cm-2 (P concentration ~ 1×1021 cm-3) and flash-lamp annealed for 20 

ms at an energy density of 95 Jcm-2. 

 

Figure 4b shows tip-enhanced Raman spectra under 632 nm laser excitation obtained from 

P-implanted and annealed GeOI at different positions starting from the unmodified area (curves 

50 and 150 nm), through the bevel (curves 250, 350 and 400 nm) to the bottom of the etched area 

(curves 450 and 500 nm). The two main phonon modes are located at 300.5 cm-1 and 520 cm-1 

which are ascribed to the longitudinal/transverse optical (LO/TO) phonon modes in Ge (TOGe-Ge) 

and Si (TOSi-Si), respectively. The TOSi-Si phonon mode is observed from the GeOI substrate. The 

broad band spanning from 530 to 600 cm-1 comes from the second order Raman scattering in Ge. 

The TOGe-Ge phonon mode at 300.5 cm-1 can be asymmetric due to the Fano effect commonly 
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observed in highly-doped group-IV semiconductors [35-37]. The broadening of the Raman 

spectrum towards lower wavenumbers is observed both in n-type and p-type doped Ge and it is 

attributed to the Fano interference caused by coupling between discrete optical phonons and 

carriers [36]. Moreover, the TERS spectra exhibit a well distinguishable peak at about 342 cm-1. 

This phonon mode is related to the local vibration mode between P and Ge atoms [21]. The peak 

position of Ge-P local vibrational phonon mode is defined by the structure quality and the 

concentration of P atoms. With decreasing P concentration, the Ge-P phonon mode shifts towards 

lower wavenumbers [21]. In fact, moving the tip towards the bottom part of the bevel causes i) a 

shift of the Ge-P phonon mode from 346.5±1 cm-1 (curves 50 and 150 nm) to 344±1 cm-1 (curve 

350 nm) and ii) a decrease of its overall intensity. This is due to the decrease of the P concentration 

within the depth, which is in good agreement with the results obtained by c-AFM and SIMS. The 

Fano effect in heavily doped Ge and the influence of the P concentration on the peak position and 

intensity of the Ge-P local vibrational phonon mode was further investigated by a conventional 

micro-Raman setup using 532 nm laser light for excitation and samples with well-defined P 

concentration (see Fig. 5). The P concentration in the Ge layer varies from 1×1020 to 1×1021 cm-3. 

After FLA, n+ layers with an effective carrier concentration up to 6×1020 cm-3 are achieved. Figure 

5a shows the TOGe-Ge phonon mode in normalized Raman spectra of heavily P doped Ge. The peak 

shift towards shorter wavenumbers and the asymmetric broadening of the peak are due to the 

increasing of effective carrier concentration with increasing the doping concentration. The local 

vibrational phonon mode of Ge-P is shown in Fig. 5b. The peak intensity of Ge-P phonon mode is 

directly proportional to the concentration of isolated P atoms in the substitutional position. With 

increasing the P concentration the peak intensity increases and the peak position shifts towards 

higher wavenumber. Fukata et al. have attributed the Ge-P peak shift to the stress induced by 
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incorporation of high P concentration into the system [24]. In fact the, the covalent radius of P (107 

pm) is about 11% smaller than that of Ge [38, 39]. This means that the heavily P doped Ge layer 

made by ion implantation should exhibit biaxial tensile strain. The biaxial tensile strain in group 

IV semiconductors causes the blue shift of the TOGe-Ge phonon mode, which is also visible in 

Figure 5a. Therefore, in n-type Ge heavily doped with small covalent radius dopants like P the 

peak shift of the TOGe-Ge phonon mode is caused by both the doping and biaxial tensile strain.  

 

   

FIG. 5. (a) and (b) present the Raman spectra of the TOGe-Ge phonon mode and the local vibrational 

phonon mode of Ge-P for different doping level, respectively. The dependence of the Fano 

asymmetry parameter q as a function of active carrier concentration (c) and the local vibrational 

peak intensity of the Ge-P Raman active phonon mode and the Fano parameter  obtained for the 
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main TOGe-Ge phonon mode as a function of P concentration (d) in P-implanted Ge followed by 

FLA for 20 ms at an energy density of 95 Jcm-2. The solid red line in (d) shows the parabolic fitting 

of the Fano parameter . 

The effective carrier concentration was estimated from Hall Effect measurements at 2.5 K 

which represents the concentration of electrically active P atoms at the substitutional position in 

the Ge lattice. The lowest electrically active P concentration that can be detected by our micro-

Raman is in the range of 5×1019 cm-3 and the Ge-P phonon mode is located at 338.2 cm-1. Due to 

the interaction of phonons with carriers the LO phonon mode in highly doped Ge becomes 

asymmetric. The asymmetry of the LO phonon mode in n-type Ge is due to the Fano interference 

which is given by:  

I()=(q+)2/(1+2) + C   (1) 

and 

=()/    (2) 

where q is the asymmetry parameter,  is the wavenumber, 0 is the position of the phonon mode 

in intrinsic and strain free Ge,  is the shift of the phonon mode due to the doping, C is the 

background coefficient and  is the line width parameter. The values of q and  are defined by the 

fraction of electrically active P atoms i.e. effective carrier concentration and the total P 

concentration, respectively.  

The absolute value of asymmetry parameter q decreases with increasing the concentration of 

electrically active P (see Fig. 5 c). The dependence of q as a function of electron concentration ne 

can be fitted with linear function: 



 

17 
 

q= a + b×ne     (3) 

where a = -29.07 ±0.43 and b = 2.6×10-20 ±1×10-22. For the sample with the effective carrier 

concentration of 8×1019 cm-3, the q is found to be -26.55 and decreases down to -13.55 for ne~ 

6×1020 cm-3. Recently, Boninelli et al. have used Raman spectroscopy to determine the carrier 

concentration in Ge doped by P implantation followed by laser melting [40]. They have shown that 

for ne= 1×1020 cm-3 the asymmetry parameter q=-26.3. Using equation 3 and parameters a and b 

obtained by fitting the experimental results presented in Figure 4c the active carrier concentration 

in their sample for q=-26.3 is 1.05×1020 cm-3 which agrees perfectly with the value obtained by 

Hall effect and ECV [40]. Interestingly, the peak position of Ge-P local vibrational phonon modes 

also shifts with increasing P concentration, but the Ge-P phonon mode is expected to depend more 

on the total concentration of isolated P atoms in Ge than on the active carrier concentration. Figure 

5d shows the change of the peak position of the Ge-P phonon mode (left axis) and the Fano 

parameter  (right axis) as a function of P concentration. Due to the fact that the carrier 

concentration increases with increasing P concentration,  exhibits the same tendency with 

increasing P concentration like with increasing the effective carrier concentration. Unfortunately, 

the two P atoms incorporated into the Ge lattice at the neighbouring position can form P-P dimers 

which forms deep donors and at room temperature they are not electrically active [14]. Moreover 

the P-P dimers cause the broadening of the Ge-P local vibrational mode. Hence, the n-type doping 

is a self-limiting process for very high P concentrations. However, the peak position of the Ge-P 

phonon mode saturates slowly when the P concentration approaches 1×1021 cm-1. Taking into 

account the number of Ge atoms in 1 cm-3 and using strongly non-equilibrium processing the n-

type doping of Ge beyond 1021 cm-3 should be possible. Unfortunately, the vacancy-donor 

complexes (V-Dn with n ≤ 4) are the main deactivation centers in n-type Ge. One vacancy can 
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deactivate up to four donors. Chroneos et al. have shown that V-Dn complexes in Ge are 

thermodynamically stable at temperatures lower than 800 K [41, 42]. According to density 

functional theory calculations, at temperature higher than 850 K, the concentration of V-D4 clusters 

progressively decreases liberating unbounded V and donor atoms [41, 42].   

Recently, we have shown that ultra-doped n-type Ge with an electron concentration in the range 

of 1020 cm-3 or higher can be achieved by applying non-equilibrium methods, e.g. low-energy 

plasma-enhanced chemical vapour deposition or ion implantation followed by millisecond-range 

flash lamp annealing (FLA) [14, 26] where the maximum carrier concentration increases with 

decreasing the thickness of the doped layer. Most probably, it is due to the dissociation of V-Dn 

complexes during millisecond range annealing. The released vacancies diffuse towards the surface 

and bulk Ge. Due to very short annealing time the diffusion of vacancies is limited. Therefore, the 

effective thickness of the ultra-doped Ge which can be liberated from vacancies during FLA is also 

limited. The change of the Fano parameter  as a function of P concentration in highly doped 

semiconductors can be described by =A+B*x + C*x2 where A, B and C are constants and x is 

the total P concentration. In contrast to Ref. 34, the  parameter does not saturate as a function of 

P concentration. The present technique (TERS and c-AFM) can be used to determine the 

concentration and distribution of carriers in any kind of nanostructures where the local vibrational 

phonon modes between the matrix atoms and dopant atoms are active Raman modes like: B and P 

in Si and Ge, or Si in GaAs. 

Fig. 6 shows a typical dependence between the total resistance and the spacing between Ni stripes 

derived from TLM of samples after in-situ germanidation for 20 ms at an energy density of 95 Jcm-

2. The formation of ohmic contacts is confirmed by the linear behaviour of the current-voltage 

characteristics measured among neighbouring contacts (not shown). In order to extract the specific 
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contact resistance c, data points presented in Fig. 6 were linearly fitted to deduce the transfer 

length LT and the contact resistance RC. The sheet resistance (RSh) and c are respectively 

calculated by the following expressions: 𝑅𝑆ℎ =
𝑅𝐶𝑊

𝐿𝑇
, and 𝜌𝐶 = 𝑅𝑆ℎ𝐿𝑇

2 , where W is the length of 

the Ni-germanide stripes (viz. 200 m). The resulting Rsh and c were found to be 0.74 sq and 

8.7×10-6 cm2, respectively.  

 

FIG. 6. The total resistance as a function of spacing between Ni stripes derived from TLM. 

The carrier concentration estimated from the Hall effect data measured at 2.5 K obtained from the 

P implanted Ge after annealing at an energy density of 95 Jcm-2 is as high as ne=6×1020 cm-3 while 

the electron mobility was found to be 29 cm2/(V·s). The relatively low carrier mobility is thought 

to be caused by the Coulomb scattering. Taking into the account the doping level we should expect 

lower c. Most probably the contact quality between NiGe stripes and Ge plays a major role. The 

conventional method for the ohmic contact formation to n-type Ge relies on the germanidation 

process of Ni at about 400 oC. The low temperature germanidation ensures the formation of single 

crystalline NiGe with sharp interface via solid phase epitaxy. In order to maximize the carrier 

concentration in P implanted Ge the germanidation process of Ni was performed at the annealing 

conditions optimized for the maximum activation of P. During our single-step process by FLA, the 
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Ni germanidation appears via liquid phase epitaxy. 

 

FIG. 7. Cross-sectional bright-field TEM image of a 50 nm thick Ni layer deposited onto GeOI 

after FLA for 20 ms together with superimposed Ni (blue) and Ge (green) element distributions 

based on EDXS obtained in scanning TEM mode for the region marked by the white rectangle. 

 In order to reduce the c and to keep high doping level the germanidation process can be carried 

out with two-step flash annealing when the second flash with low energy ensures the solid phase 

epitaxy of Ni-germanide. The Ni-germanidation using low energy flash and the influence of the 

multi-flash annealing on the activation/deactivation of donors in Ge will be investigated in the 

future. To characterize the microstructure after Ni germanidation, transmission electron 

microscope (TEM) analysis was performed. Fig. 7 shows a representative cross-sectional bright-

field TEM image of the Ni-germanide layer formed on the top of Ge. Particular for the TEM 

investigation, the germanidation was performed using a 50 nm thick Ni layer. Even such thick Ni 

film is fully converted into Ni-germanide during a single 20 ms long flash pulse. The resulting 

ohmic contact is polycrystalline with an average grain size in the order of 200 nm. A well-defined 

interface between Ni-germanide and Ge is observed. The element composition of the fabricated 
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Ni-germanide was investigated by mapping the Ni and Ge element distributions (inset of Fig 7). 

Quantitative analysis reveals Ni concentrations between 53 and 57 at.-%. 

4. Conclusions 

We have utilized strongly non-equilibrium processing i.e. ion implantation followed by 

millisecond FLA to fabricate shallow n++-p junction in GeOI. The maximum electron concentration 

in n-type Ge layers has been found to be 6×1020 cm-3, i.e. 3-fold higher than the equilibrium solid 

solubility limit for P in Ge. The ohmic contacts formed to the n++ layer show specific contact 

resistance as low as 8.7×10-6 cm2. The germanidation of Ni was carried out in-situ and 

simultaneously with the P activation during a single 20 ms flash pulse, which avoids the unwanted 

deactivation of dopants in Ge as demonstrated by using conventional annealing methods such as 

rapid thermal annealing. Moreover, we have developed a simple methodology to probe and 

visualize the dopant distribution in heavily doped semiconductors using c-AFM and TERS. This 

approach can be easily implemented to investigate the electrical properties of any kind of 

semiconductors at nanoscale.  
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