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1. ABSTRACT 

In this article, a method for phosphorous (n-type) doping of germanium based on spin-

on dopant sources and Pulsed Laser Melting (PLM) throughout an amorphous silicon 

carbide (a-SixC1-x:H) layer, which provides both surface passivation and electrical 

isolation, has been demonstrated, paving the way towards the development of Ge-

based interdigitated back contact thermophotovoltaic devices. This method offers 

simultaneous opening of the a-SixC1-x:H layer and creation of a heavily doped region 

underneath without using photolithographic steps, eventually enabling a low-cost and 

scalable manufacturing process. This article focuses on the optimization of the n+/p 

junction formation by studying the effect of different laser energy fluences and number 

of pulses on the diffusion profiles measured by secondary ion mass spectrometry, and 

on the electrical performance characterized by Van der Pauw-Hall technique. 

Additionally, the crystalline quality after PLM has been analyzed by Rutherford 

backscattering measurements in channeling conditions, high-resolution X-Ray 

diffraction and transmission electron microscopy. High level of donor activation (up to 

1·1019 cm-3), low sheet resistance (≈50 Ω/□), and high mobility (275-700 cm2/V·s) have 

been obtained, with a weaker dependency of these parameters on the explored laser 

energy fluence range. A prototype diode has been developed demonstrating a rectifying 

behavior but with high saturation current densities.  Point-like contact formation will be 

implemented in future works to reduce the laser irradiated area, and thus, improve the 

surface passivation and device characteristics. 

2. INTRODUCTION 

State of the art thermophotovoltaic (TPV) cells are based on a double-side contacted 

configuration, meaning that positive and negative electrodes are in opposite sides of the 

mailto:a.jimenez@ies.upm.es
mailto:a.datas@upm.es


 
 

device. However, this configuration has serious drawbacks concerning their integration 

in a TPV module. TPV modules must be densely populated with TPV cells, having a 

minimal space dedicated to the interconnection. Otherwise, a large fraction of thermal 

radiation would be lost in such inactive areas, significantly deteriorating the conversion 

efficiency. Several assembly concepts have been developed to manufacture dense-

arrays using photovoltaic (PV) cells with a double-side contacted configuration [1]–[6], 

most of them involving relatively complex processes. These complexities could be 

avoided by using monolithic interconnected modules (MIM) [7] that have both 

electrodes in the front side. However, in this case complexity is transferred to the 

manufacturing of the MIM, which requires many photolithographic steps, and thus, 

could impact on the manufacturing yield. Furthermore, the active area of MIM is also 

reduced by the area dedicated to the front electrodes, including the sub-cell 

interconnections. 

An alternative for simplifying dense-array module development are interdigitated back 

contact (IBC) TPV cells, which have both electrodes in the back side. This enables all 

interconnections to be made in the rear side, with a minimal separation between cells 

and a very high active area, due to the lack of shading elements in the front side. Solar 

PV Silicon based IBC devices have been widely developed for low [8]–[10] and high 

[11],[12] irradiance applications. However, to our knowledge, Ge-IBC cells have not been 

developed so far for TPV applications. Nagashima et al. proposed a conceptual Ge-based 

IBC TPV cell design with higher (theoretical) conversion efficiency (up to 25%) than 

conventional state of the art Ge-based TPV devices (16.5%) [13]-[14], but no 

experimental demonstrations have been conducted yet. 

A key for the development of Ge-based IBC devices is the formation of high quality 

contacts that minimize surface recombination and enable selective carrier transport, 

along with ensuring the electrical insulation between electrodes [15]. A common 

strategy used in double-side contacted Ge TPV cells consist of forming an heterojunction 

by the deposition of wide band gap doped semiconductors, like amorphous silicon (a-

Si:H) [16]–[21], or GaInP [22]–[25]. In this case, the combination of both field and 

chemical passivation have led to effective lifetimes in the order of 2100 µs in intrinsic c-

Ge [14]. However, the formation of IBCs following this approach would be relatively 

complex, as different layers, having different dopants, should be deposited for each 

contact.  

A simpler approach would be depositing a single electrically insulating passivating layer 

such as silicon nitride (SiNx) [26] or  a-SixC1-x:H[14], followed by the local diffusion of 

dopants through this layer, using a laser source [27] (see fig. 1). This approach has been 

successfully used to form ohmic contacts to p-type c-Ge [21], [28]. But, to our 

knowledge, this strategy has not been yet demonstrated to form electron-selective 

contacts on Ge. This is the key missing step for the implementation of the full IBC TPV 

cell manufacturing process shown in fig. 1. 

Therefore, the aim of this study is to explore the chemical, electrical and structural 

properties of electron selective contacts for c-Ge based on Pulsed Laser Melting (PLM) 



 
 

of a phosphorus spin-on dopant (SoD) layer through the a-SixC1-x:H passivation layer, 

similarly to the method proposed by Wenham et al. [29] implemented in Si-based 

devices. The results of this work could be valuable to guide the fabrication of highly 

efficient IBC TPV cells based on a simple and scalable manufacturing process. 

3. MATERIALS AND METHODS 

High purity Ge intrinsic wafers (1·1010 cm-3) of 2 inches diameter with a thickness of 200 

± 20 µm and <100> oriented have been used as substrates. Figure 1 shows the process 

sequence for Ge doping based on laser irradiation of a solid dopant source on top of the 

passivating layer stack. The process starts with the surface preparation, which consists 

in a wet-chemical treatment in hydrochloric acid (HCl) 18% (v/v) for 3 min followed by 

an in-situ plasma cleaning under H2 for 35 s, in order to effectively remove germanium 

oxide. Then, the deposition of a stack composed of intrinsic a-SixC1-x:H (30 nm)/a-SiC:H 

(45 nm) layers (hereof called SiC stack) is carried out by using a direct Plasma-Enhanced 

Chemical Vapor Deposition (PECVD) reactor at 13.6 MHz. The effectiveness of the 

passivation stack is characterized by contactless photoconductance decay (PCD) 

measurements –adapted to Ge [30]- in samples with SiC stacksymmetrically deposited 

on both sides with effective carrier lifetime (τeff) in the order of 1 ms corresponding to 

effective surface recombination velocity below 15 cm/s. Afterwards, SoD P507 from 

Filmtronics® with a Phosphorus (P) concentration of 5·1020 atom·cm-3 is deposited by 

spin-coating at 4500 rpm with a curing step at 200 ℃ to evaporate the remaining 

solvents as described more precisely in [31], which results in a film thickness of 220 ±10 

nm. Subsequently, PLM is performed by a KrF excimer laser having a wavelength of 248 

nm, 22 ns pulse duration with a top-hat distribution over an area of 5.1 x 5.1 mm2 and a 

repetition frequency of 1 Hz. PLM allows to introduce P atoms contained in the SoD layer 

into Ge by surface melting and extremely short times solidification (in the order of 

hundreds of nanoseconds) of a shallow region of the irradiated sample, resulting in the 

creation of the n+ region. In order to optimize the P surface concentration and the 

junction depth, the laser fluence is varied between 750 and 950 mJ/cm2 and the number 

of pulses from 1 to 16. Prior to chemical and electrical characterization, the remaining 

SoD is removed with HF 10% (v/v) for 10min. 

 

Fig.1. Process sequence for the creation of Ge-IBC cells by PLM through a dielectric stack  



 
 

The P, Si, Ge and C chemical concentrations as a function of depth are measured by SIMS 

(Secondary Ion Mass Spectrometry) using a CAMECA instrument with a 5.5 keV Cs+ ion 

primary beam while collecting 133Cs2
12C+, 133Cs2

30Si+, 133Cs2
31P+ and 133Cs74Ge+ secondary 

ions. The conditions for the primary ion beam, the energy and the secondary ion are 

carefully selected according to [32]-[33] as matrix effects are expected due to the 

presence of high concentration of Si in Ge as a result of the laser irradiation of the SiC 

stack. Additionally, the amount of Si incorporated in Ge and the crystalline quality of the 

samples is also estimated from Rutherford backscattering scattering measurements in 

<001> axial channeling conditions (c-RBS) by using a 2.0 MeV 4 He+ beam and a 

scattering angle of 160°. In particular, the composition is determined by computer 

simulations using a layer by layer simulation program, based on Ziegler stopping power 

database [34]. The solid angle is calibrated by using a Ta on Si standard, with a known 

implanted Ta dose. Additionally, high-resolution X-ray diffraction (HR-XRD) 

measurements in the triple-axis configuration was performed using a Panalytical MRD 

X’PERT PRO diffractometer, equipped with a hybrid monochromator consisting of 

closely coupled X-Ray parabolic mirror and a Bartels 4 bounce Ge 220 monochromator, 

and transmission electron microscopy (TEM) have been done in order to corroborate 

the crystalline quality of the samples observed by c-RBS. TEM images are recorded using 

a JEOL JEM2100 with a CCD ORIUS SC1000 working at 200kV. Energy dispersive X-Ray 

spectroscopy (EDS) is performed using an aberration corrected scanning transmission 

electron microscope (STEM) model JEOL ARM200cF equipped with a spherical 

aberration corrector and an Oxford spectrometer, acquired at 200 kV. 

The mobility and level of activation of P have been determined by Van der Pauw and 

Hall measurements (VdP-Hall). The electrically-active surface concentration has been 

determined by following the method described in [35]. To that end, we start from the 

SIMS profiles and calculate the maximum electrically-active P concentration (cm−3) such 

that the integral of the P signal obtained from SIMS profile is equal to the electron areal 

density (cm−2) measured by the Hall technique (assuming the Hall scattering factor H=1). 

Finally, surface morphology is characterized by atomic force microscopy (AFM) 

(Nanoscope III, Bruker) (See Supplementary Material). 

4.1. MATERIAL CHARACTERIZATION 

Fig. 2 shows the P, Si, Ge and C chemical concentration as a function of depth as 

measured by SIMS of samples irradiated at 950 mJ/cm2 and different number of pulses 

between 1 and 16. As it can be seen, not only P, but also Si and C atoms diffuse into Ge, 

and Ge diffuses towards the surface. The presence of Si and C in the deeper regions is 

explained by the melting of the SiC stack by laser irradiation above a certain energy 

fluence and diffusion of Si and C within the melt phase. Both Si and P diffuse very 

similarly. Their diffusion length is relatively narrow after the first pulse, but it becomes 

wider when the number of pulses increases. Besides, this broadening is unavoidably 

accompanied by a decrease of the surface concentration, as a result of the diffusion and 

redistribution of the atoms already incorporated during the first pulses. Contrarily, a 

very short diffusion length with a very high surface concentration is observed for the 



 
 

case of C, independently of the number of pulses. This might be explained by its lower 

solubility in liquid Ge -in the order of 108-1010 cm-3 [36]- which could result in some C 

precipitation and segregation to the surface during cooldown or by the possible 

presence of small nanoclusters of C difficult to break owing to the high melting Tª of C 

(roughly x2.5 and x4 compared to Si and Ge, respectively) from which a lower diffusivity 

could be expected. 
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Fig.2 Chemical concentration profiles of P, Si, Ge and C for an energy fluence of 950 mJ/cm2 and different 

number of pulses -pls in the graph- (1,4,8 and 16 pulses are represented by color lines red, blue, green 

and yellow, respectively). An as-deposited sample is also reported as a reference (black dash dot line). 

The accuracy of the SIMS results is confirmed by the c-RBS measurements showed in 

Fig. 3, where the off-site Si dose (cm-2) -calculated as the integral of the area under the 

element peak in c-RBS measurements-, shows a very good agreement with SIMS 

measurements (inset of Fig. 3) in the regime between 0 and 4 pulses, i.e. where the layer 

is highly disordered and all the Si atoms are off-site (see below). Thus, confirming that 

matrix effects are effectively prevented with the conditions judiciously used for the SIMS 

measurements.  

Moreover, also the crystalline quality of the samples irradiated with laser can be 

assessed with the c-RBS measurements.  



 
 

Fig. 3 shows the yield (total number of detected ions or counts) normalized to the total 

ion-beam charge as a function of energy (keV) for samples irradiated with a laser fluence 

of 950 mJ/cm2 from 1 to 16 pulses. As it can be observed, a large peak at 1400-1600 keV 

corresponding to the Ge surface region and another one at 1100 keV corresponding to 

Si appear in the laser-irradiated samples up to 4 pulses, indicating that a surface layer 

highly defective, or even polycrystalline, is formed after PLM. We believe that an 

effective liquid phase epitaxial regrowth is hindered by the high Si concentration still 

present in these samples (above 10% as reported in Figure 2). The aforementioned 

peaks start to vanish in samples with over 8 pulses indicating that a huge improvement 

in Ge crystalline quality occurs as soon as the Si concentration is reduced (the Si 

concentration after 8 pulses is below 5% as reported in Figure 3). 

 

Fig. 3: c-RBS spectra for samples annealed at an energy fluence of 950 mJ/cm2 and different 

number of pulses –pls in the graph- from 1 to 16 (1, 2, 4, 8 and 16 pulses are represented by red, 

gray, orange, blue and green lines, respectively). Inset: comparison of total Si dose (cm-2) 

estimated by SIMS (black) and off-site Si dose c-RBS (red) versus number of pulses. 

An improved crystalline quality when the number of pulses is increased is confirmed as 

well from HR-XRD measurements (Fig. 4). The signal at higher angles detected for 8 and 

16 pulses, indicates a crystalline layer whose out-of-plane lattice parameter is smaller 

than Ge, which is compatible with the formation of a crystalline silicon germanium (SiGe) 

alloy. In contrast, in the case of one single pulse, this crystalline phase is not detected 

and only the Ge substrate peak appears with a slightly higher FWHM, indicative of a 

defective or disordered layer in very good agreement with c-RBS. Moreover, the 

continuous range of perpendicular lattice parameters observed for the sample 

irradiated with 8 pulses -as compared with the well-defined emerging peak in the 



 
 

sample with 16 pulses- could be explained by a higher concentration gradient for the 8 

pulses’ sample, as compared with the more uniform Si concentration as a function of 

depth in the 16 pulses’ sample, in agreement with SIMS Si concentration depth profiles 

reported in Fig. 2. On the other hand, this could be also related with a better crystalline 

quality for the sample irradiated with 16 pulses (in agreement with c-RBS, Fig. 3).  

To determine the composition of the theoretical SiGe alloy detected by HRXRD, Vegard’s 

law [37] has been applied to the 16 pulses’ sample, obtaining a Si concentration between 

6 and 11%, depending on the degree of relaxation of the material assumed. It should be 

mentioned that this percentage of Si, although estimated from different 

characterization techniques, should be taken cautiously as the presence of C could affect 

the lattice strain of SiGe alloys leading to deviations from Vegard’s law [38]. However, 

the fact that the total percentage of Si with respect to C and Ge estimated from SIMS is 

around 4% up to a depth of 450 nm where it starts decreasing, suggests that the SiGe 

layer in the 16 pulses’ sample is pseudomorphous with respect to the Ge substrates. 
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Fig. 4 Ω-2ϴ scan of samples annealed at an energy fluence of 950 mJ/cm2 and different number 

of pulses –pls in the graph- (1-8-16 pls -in red, blue and green curve, respectively-) and Ge substrate 

(black curve) as a reference.  

Finally, to better understand the qualitative enhancement in the crystalline quality of 

the laser irradiated samples when the number of pulses is increased, as observed by c-

RBS and HRXRD, fig. 5 shows the crystalline structure of two different samples -950 

J/cm2 1 and 8 pulses- analyzed by TEM. 



 
 

 

Fig. 5 TEM images of irradiated substrates: (a) Left side: HAADF image of an irradiated substrate after 8 

pulses at a depth of around 300 nm from the surface. Right side: high resolution transmission electron 

microscopy (HR-TEM) image of the crystalline substrate with the FFT of the same image showing the [110] 

c-Ge zone axis.   (b) and (c) after 1 and 8 pulses, respectively, at the surface. (d) Normalized intensity of 

EDS signals of Si and Ge K edges from the spectrum image indicated by the green line in (d).   

The high quality of the Ge substrates is confirmed for 1 and 8 pulses irradiated Ge with 

the 8 pulses irradiated substrate shown in fig. 5 (a), where a high-resolution high angle 

annular dark field (HAADF) STEM image exhibits the monocrystallinity of c-Ge in the 

[110] zone axis observed also in the fast Fourier transform (FFT). However, 1 pulse and 

8 pulses substrates present remarkable differences in the vicinity of the surface. 1 pulse 

irradiated sample reveals a polycrystalline region near the surface, i.e. around the first 

250 nm, indicated by white arrows. In addition to the evidence shown by the real space 

TEM image from fig. 5(b), the disks shown at the diffraction pattern of the red square 

region confirm the presence of several crystals orientations. This result is at variance 

with the 8 pulses substrate –fig. 5 (c)-, that is monocrystalline with some defects up to 

the surface as can be observed by the [110] diffraction pattern of the red square zone. 

The polycrystalline nature of the 1 pulse sample is in very good agreement with the 

damage peak observed by c-RBS and the defective layer deduced from HRXRD. 

Furthermore, the qualitative enhancement in crystalline quality observed by c-RBS and 

HRXRD as the number of pulses increases, is also confirmed as the near-surface region 

becomes monocrystalline for the 8 pulses sample. 

Concerning the Si diffusion into Ge substrate, fig. 5 (d) displays a high resolution HAADF 

image of the 8 pulses irradiated sample where the green line indicates the region of the 

EDS spectrum image with the normalized intensity signals of Si and Ge K edges 

presented aside. Once again Si diffusion into the Ge substrate is confirmed, having its 

maximum intensity at a depth of more than 300 nm. This result is consistent with the 

findings of the SIMS measurement for the 8 pulses irradiated sample, where the Si and 

P diffuse very similarly and up to 800 nm depth. In EDS spectrum images, the P K signal 

has not been considering for extra caution, because of the overlapping of P K edge with 

Pt K edge coming from the surface of the substrate. Neither C has been considered in 



 
 

the EDS analysis, since C is commonly observed as a contaminant that arises from the 

sample preparation process and from the environment. This C contamination prevents 

us from quantifying the C concentration using TEM analytical techniques [39]. 

4.2. ELECTRICAL CHARACTERIZATION  

Further considerations of utmost importance for the development of Ge-based devices 

arise from fig. 6, where the electrical performance of the resulting P-doped Ge samples 

is evaluated in terms of sheet resistance RSH (Ω/□), sheet carrier density ns (also known 

as active carrier dose) (cm−2) and Hall mobility μH (cm2·V−1·s−1). As it can be seen, very 

high RSH (> 1000 Ω/□) and ns (close to 1x1013 cm-2) is obtained up to 4 pulses, 

independently of the energy fluence used, suggesting a very low electric activation. 

However, above 4 pulses, there is a threshold, from which the electrical activation 

drastically improves, obtaining a much higher electrically-activated P dose (>1x1014 cm-

2) for the samples irradiated with 8 and 16 pulses, close to the chemical dose estimated 

by SIMS also represented in fig. 6 with a black star. This phenomenon could be related 

likewise with the major improvement in crystalline quality observed for samples 

irradiated above 4 pulses too.  

Correspondingly, μH shows an initial increase up to 4 pulses, likely due to the gradual 
reduction of aforementioned defectiveness. Thereafter, it reduces for a large number of 
pulses, as expected for emerging of ionized impurity scattering, namely from electrically 
active donors.  Indeed, the more heavily Ge is doped, the higher is the probability that 
carriers will collide with ionized P in a given time, and the smaller the mean free time 
between collisions, and μH reduces accordingly. In fact, the sample irradiated with 750 
mJ/cm2, which has a lower active carrier dose (as shown in panel b), shows a higher 
mobility as compared with 950 mJ/cm2 for all pulse conditions. 



 
 

 

Fig. 6 Sheet resistance (Ω/□), active dose (cm-2) and hall mobility (cm2/V·s) of laser-annealed samples at 

two different energy fluences (750 and 950 mJ/cm2 -represented by triangles and circles, respectively-) as 

a function of the number of pulses (1-16 pulses). The chemical dose (cm-2) calculated from SIMS (star 

symbol) is represented together with the active dose (cm-2) from Hall measurements for comparison 

purposes.  

 



1wherein the electron concentration was calculated with the same methodology used in this 
work and explained in the section “Material and Methods” 
 

To better understand the level of activation of P at the surface, which can influence 

ohmic contact formation, the average P active surface concentration has been 

calculated by combining the results obtained from Hall and SIMS as explained in the 

section “Material and Methods”. The results of such calculations are reported in fig. 7, 

where mobility values between 340 and 530 cm2/V∙s are found for samples irradiated 

with 950 mJ/cm energy fluence, which corresponds to electron active concentration in 

Ge in the range of 1017-1019, consistently with the chemical concentration measured by 

SIMS. Our measurements indicate that in the highly defective samples (1 pulse) the 

dependence of the mobility on the free carrier concentration does not follow the one 

expected for uniformly doped uncompensated germanium -experimentally established 

by Fistul et al. [40] and corroborated in our last work also for laser-doped Ge1 [41] - as 

deduced from fig. 7 (i.e. for an active electron concentration of around 4·1017 cm-3 the 

expected mobility would be 1100 cm2V-1s-1. Instead, the calculated value for 1-pulse 

irradiated sample is less than the half expected: 440 cm2V-1s-1). An exception to this 

result occurs in the sample with 16 pulses (of better crystal quality) which approaches 

the expected trend. This means that the additional scattering of carriers, when less than 

16 pulses are given, might be caused by damage (i.e. polycrystalline near-surface), 

dislocations or charged impurity centers. Influence of Ge substrate can be in principle 

ruled out as intrinsic wafers which can be considered as an insulating boundary were 

used (See Material & Methods). Moreover, mobilities in the order of 3660 cm2/V·s are 

expected for c-Ge high resistivity wafers with carrier concentration 2 × 1013 cm−3 [42], 

far away from the highest mobility in the order of 530 cm2/V·s. It should be also 

mentioned that a slightly lower mobility is expected as compared with pure Ge because 

of the presence of the 5-11% of Si in Ge.   



 
 

Fig. 7. Hall mobility as a function of electron concentration in c-Ge. Filled symbols represents the laser 

doping approach based on SoD and PLM throughout SiC developed in this work for 950 mJ/cm2 for 

different number of pulses –pls in the graph- (1-8-16 pls -in red, blue and green, respectively-) with empty 

symbols representing the laser doping approach based on SoD sources without SiC [41] 

Once that highly doped regions of relatively good crystalline quality have been 

demonstrated under certain laser conditions, a first proof-of-concept has been done to 

validate our technology for electron-selective contacts for p-type Ge by fabricating a 

diode. The laser condition chosen for n-type doping has been 950 mJ/cm2 and 16 pulses 

since it is the one that resulted in the highest level of electrical activation and crystalline 

quality between the range of studied laser conditions. Contact formation is done by 

using aluminium and Pd/Ti/Pd/Ag for p- and n-type contacts, respectively, without any 

additional high temperature step. Figure 8 shows the results from the dark IV curve 

characteristics of the fabricated Ge diode, with the results obtained for the saturation 

current density (J01), the ideality factor (n1) and series and shunt resistances (Rs and Rsh) 

resulting from the fitting of the experimental data to a one diode model, commonly used 

to model PV devices [43]. Firstly, we can see that the obtained series resistance is 8.66 

mΩ∙cm2 which can be considered quite low. Despite further research is needed to 

identify how every element of the device contributes to it, this result demonstrates that 

the laser doped n+ region and its metal contact permits the electron transport through 

them with low ohmic losses, i.e. the contact resistivity is low. Secondly, the very low 

shunt resistance could be explained by the formation of microcracks on the laser-doped 

region, which can provide a path for the metal to be in direct contact with the p-type Ge 

substrate inducing shunts [44]. Finally, forward current mechanism is dominated by an 

exponential trend with ideality factor 1.69 and fairly high saturation current density. The 

relative high ideality factor value indicates that current is based on recombination in the 

space charge region where significant recombination centers may be left. Despite large 

saturation currents are expected in Ge due to its low band gap, the obtained result is 

worse than the best experimental results obtained in the range of 1E-05 - 1E-06 A/cm2 

for ideal diffusion currents, i.e. ideality factor equal to 1 [45]. However, it must be 

noticed that only a small fraction of the surface will be processed in final devices, most 

probably resulting in a better surface passivation (lower saturation current) and a higher 

shunt resistance. The former is based on the replacement of the laser processed regions 

by dielectric passivated surfaces where an excellent surface recombination velocity as 

low as 15 cm/s has been measured (see “Material and methods”); while the latter may 

simply be improved by the much smaller laser processed area. The detailed calculation 

of the saturation current density and shunt resistance in such devices needs an 

optimization of their geometry which is beyond the scope of this paper. However, 

significant improvement on both parameters is expected taking into account that 

typically a 1-5% of the area is laser processed in finished devices [46], [47]. Besides, 

different thicknesses of the dielectric layer a-SixC1-x:H could be also explored, as they 

could affect the optimum energy fluence conditions. It is expected that the use of a 

lower energy fluence results in a lower melting volume of Ge. A large volume can 

hamper a proper re-align of the crystal during the fast cooling and re-solidification that 

could result in the formation of laser-induced defects [44]. Finally other metallization 



 
 

techniques should be considered, as for instance photoplating, which has demonstrated 

to be certainly effective for shunting prevention in laser-doped Si solar cells thanks to 

its selectivity as proven by Hameiri et al. [48]. 

 

Fig. 8. Diode fabricated with PLM based on SoD throughout an aSixC1-x:H layer with laser condition: 950 

mJ/cm2 and 16 pulses. Table: Electrical performance of the diode fabricated with PLM based on SoD 

throughout SiC stack with laser condition: 950 mJ/cm2 and 16 pulses. 

5. CONCLUSIONS 

We have successfully demonstrated a method for electron selective contact formation 

on p-type Ge based on PLM of P-SoD through an insulating SiC stack, as a step towards 

the manufacturing of low-cost Ge-IBC cells. The major advantage of this method is that 

it allows simultaneous opening of the insulating layer and creation of a heavily doped 

region underneath reducing the number of photolithographic steps, eventually enabling 

a low-cost and scalable manufacturing process.   

The impact of the energy fluence (750-950 mJ/cm2) and the number of pulses (1-16) on 

the chemical, electrical, structural and morphological characteristics has been 

experimentally studied. High electrically-activated P dose (>1x1014 cm-2) corresponding 

to a level of dopant active concentration around 1019 cm-3 has been achieved, with a 

strong dependency of the level of activation on the number of pulses and a weaker 

dependency on the energy fluence. The results indicate that at least 8 pulses are needed 

for reaching high donor activation with the best results obtained for 16 pulses, case in 

which mobility approaches the one expected for uniformly doped uncompensated Ge. 

Similarly, crystalline quality is improved at over 8 pulses, as deduced from c-RBS and 

HRXRD measurements, with the higher level of crystallinity being also obtained for 16 

pulses. This agrees with TEM measurements where a SiGe polycrystalline alloy near the 

surface is detected in the case of using 1 single pulse in contrast to a monocrystalline 



 
 

SiGe alloy in the case of using 8 pulses. This SiGe layer has been unintentionally formed 

as a consequence of the diffusion of Si from the phase separation of the insulating SiC 

stack during laser irradiation.  

A first proof-of-concept diode has been fabricated using the sample irradiated with 16-

pulses and 950 mJ/cm2 demonstrating rectifying behavior, although a very low shunt 

resistance and relatively high saturation currents are obtained. Punctual contact 

formation is expected to drastically improve the surface passivation, and thus, improve 

the diode characteristics. Different SiC thicknesses and laser energy fluences should be 

also explored to minimize the risk of shunting through the SiC electrically insulating 

layer. 
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