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While the process of metal induced crystallization (MIC) is widely used in the fabrication of thin film 

electronic devices, its application to the field of thermoelectrics is fairly new. Especially its 

implementation in the field of the classic thermoelectric material SiGe could lead to a low cost 

approach by combining the benefits of low thermal budget, self-doping, and thin film and sputter 

deposition compatibility. In this work, samples consisting of SiGe/Al multilayers deposited on 

aluminum oxide based substrates have been prepared. Special emphasis was put on the ratio of Al to 

SiGe and the resulting changes in transport properties during annealing. On the one hand a certain 

amount of Al is needed to ensure a complete MIC process for the SiGe, but on the other hand an 

excess of Al results in a metallic system with low thermoelectric efficiency. In-situ characterization 

during annealing of the samples was carried out via x-ray diffraction, electrical resistivity, and 

Seebeck measurements. 
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I. INTRODUCTION 

Thermoelectric efficiency is governed by the so-called figure of merit ܼ = ܵଶିߩଵିߢଵ, with S being 

the Seebeck coefficient, ߩ the electrical resistivity, and ߢ the thermal conductivity. These 

thermoelectric transport parameters are intercorrelated by the charge carrier density n. Modern 

thermoelectric research attempts to decouple the thermoelectric transport parameters by mainly two 

approaches – exploring new complex materials and usage of quantum effects via nanostructuring [1]. 

One of the most well-known classic thermoelectric materials is SiGe with its primary range of 

application lying in the high temperature region of 873 K to 1273 K [2]. Preparation of nanostructured 

SiGe is most often achieved for bulk material by sintering pre-processed SiGe nanoparticles [3,4]. 

Only relatively few reports exist on low dimensional SiGe systems because highly sophisticated 

methods are needed for their preparation and also for their thermoelectric characterization because the 

transport parameters often show anisotropic behavior. For example, one dimensional systems in the 

form of SiGe nanowires [5] and two dimensional systems in the form of Ge/Si superlattices [6, 7] have 

been realized. Research on SiGe thin films processed by the so-called effect of metal induced 

crystallization (MIC) has been conducted primarily with regard to thin film electronic device 

applications such as transistors [8] and photovoltaics [9] while its potential application to 

thermoelectricity has been neglected almost completely. MIC is a diffusion driven process lowering 

the crystallization temperature of amorphous semiconductors being in contact with a crystalline metal 

[10]. With MIC also being applicable to SiGe, a cost efficient production method combining the 

advantages of thin film compatibility, low thermal budget, self-doping (p-type: Al, n-type: Sb), and 

controllable grain size for SiGe is accessible [11-16]. 

It is known that for a successful complete MIC a certain amount of metal compared to semiconductor 

material must be present. In case of Al and Si, a ratio of 1 is required [12]. Except for negligible 

amounts of Al incorporated into the Si as active dopants, all of the Al acts as metallic shortcuts in the 

system after MIC, if continuous Al layers are formed, and thus negatively affects the thermoelectric 

properties. Therefore, based on our previous work [14] on MIC in SiGe/Al multilayer systems, in this 
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work we studied the dependence of the ratio of Al to SiGe with regard to the maximum amount of Al 

necessary for MIC before metallic shortcuts dominate the transport properties. The transformation 

process during MIC was analyzed in-situ by electrical transport measurements (electrical resistivity, 

Seebeck coefficient) as well as by x-ray diffraction (XRD) studies. 

 

II. EXPERIMENTAL PROCEDURE 

SiGe/Al multilayer samples were prepared by magnetron sputter deposition at room temperature on 

aluminum oxide based substrates. So-called ADS-996 (ADS) from CoorsTek and low temperature 

cofired ceramic (LTCC) substrates were used. The multilayer samples consisted of 100 bilayers of 

Si80Ge20(dSiGe)/Al(dAl). For the deposition of SiGe, a Si80Ge20 alloy sputter target was used. Layer 

thickness was controlled via calibration of the deposition rate by adjusting sputtering power and time. 

Samples in the following will be addressed by code naming: First the used substrate is given, second 

the SiGe and Al thickness dSiGe and dAl (in units of Å), respectively, and last the annealing temperature 

in units of K (if applied). Hence, a multilayer sample deposited on LTCC with 100 bilayers consisting 

of 100 Å of SiGe and 10 Å of Al thickness annealed at 873 K is named LTCC-100SiGe-10Al-873K. 

Samples underwent an annealing procedure in a quartz tube furnace to induce MIC. Annealing was 

performed under low pressure (~1000 Pa) with a flow of dry N2 to prevent oxidation. The structural 

properties of the samples were analyzed using a 3003 PTS x-ray diffractometer from Seifert with Cu-

K radiation ( = 1.5405 Å). The XRD patterns were measured in –2 mode using a scan speed of 8 

s/step with a step size of 0.05°. Additional in-situ  x-ray diffraction measurements were performed 

during thermal annealing up to 1123 K at 3 K/s in a purified He atmosphere at beamline X20C of the 

National Synchrotron Light Source (Brookhaven National Laboratory, USA). The XRD setup was 

equipped with an in-situ BN heater stage and the intensity of the XRD peaks was detected by a fast 

linear diode array detector that monitored the intensity of the XRD peaks over a 2 range of 15º.  The 

center of the detector was located at 2 = 31º, which allowed for the detection of the SiGe (111) peak 

at 2 = 33º for the applied x-ray wavelength of 1.797 Å during these measurements. In addition, the 

microstructure of selected samples was analyzed by a JEOL 2100 F transmission electron microscope 
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(TEM) operating at 200 kV. Electrical resistivity  and Seebeck coefficient S were measured in the 

temperature range of 300 K to 750 K at annealing rates of 2 K/min using a home-built setup operating 

at pressures below 10-4 Pa. Samples of size 1 x 1 cm2 were utilized in van-der-Pauw geometry for 

resistance measurements. For calculation of  the nominal total thickness of all SiGe layers was used 

as TEM imaging of selected samples showed agreement between nominal and actual layer thicknesses. 

Seebeck measurements were performed on samples of size 0.2 x 1 cm2 in a quasi-steady-state by 

applying alternating temperature gradients to the samples [17]. The Seebeck coefficient was calculated 

from the slope of the measured thermal voltage versus the applied temperature difference at 

thermocouples in direct contact to the sample surface. 

 

III. RESULTS AND DISCUSSION 

Three samples with a fixed SiGe thickness of dSiGe = 100 Å and different Al thicknesses of dAl = {5; 7; 

10} Å were deposited on insulating LTCC substrates to ensure that electrical transport properties are 

not influenced by the substrate [18]. The as-deposited samples show insulating behavior regarding 

their resistivity  and Seebeck coefficient S confirming that no continuous Al layers are formed in this 

thickness range of Al [14]. After annealing at 873K for 1 h, the samples exhibit semiconducting 

transport properties as shown in Fig. 1. The resistivity and Seebeck coefficient are in the range of 10 

mcm to 200 mcm and 140 µV/K to 260 µV/K for temperatures ranging from 300 K to 750 K, 

respectively. The resistivity shows a decrease for increasing Al layer thickness for these three samples 

(Fig. 1(a)), while there is no dependency of the Seebeck coefficient on the Al layer thickness (Fig. 

1(b)). This can be attributed to an incomplete crystallization of the SiGe, as a ratio of dAl/dSi = 1 is 

needed for complete crystallization of a Si layer by MIC [12]. An increase in the power factor S²/ is 

achieved due to the constant Seebeck coefficient and decreasing resistivity for samples with thicker Al 

layers. 

To clarify how far this improvement in thermoelectric properties continues by increasing dAl, the 

sample series was extended by preparing samples with Al thickness ranging from 10 Å to 100 Å, 
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while the SiGe layer thickness was kept constant at 100 Å. Thus, values of dAl/dSiGe = {0.1; 0.25; 0.5; 

0.75; 1} were achieved. The XRD patterns of the as-deposited films showed no SiGe peaks as 

expected. After annealing at 873 K for 1 h, SiGe peaks can be observed in the XRD patterns shown in 

Fig. 2. For dAl/dSiGe = 0.1 only a small (111)-peak of the SiGe phase is detectable further supporting the 

assumption of an incomplete crystallization of the SiGe for such low dAl. For higher dAl, the SiGe peak 

intensity increases and in addition the (220) and (311) SiGe peaks occur, which reveal an increase in 

fraction of crystalline SiGe. Please note that all SiGe peaks are slightly shifted to larger angles, which 

will be discussed later in more detail. 

The resistivity and Seebeck coefficients for these samples in the as-deposited state and after annealing 

(873 K, 1 h) are summarized in Table I. In the as-deposited state an insulating behavior for a ratio of 

dAl/dSiGe = 0.1 is revealed. A metallic-like Seebeck coefficient is already observed for a ratio of 

dAl/dSiGe = 0.25, while the resistivity is still rather high being in the 102 mcm range most likely due to 

rather rough Al interlayers barely being continuous. For ratios of dAl/dSiGe ≥ 0.5 metallic-like values 

are observed. After annealing, a change in transport properties to semiconducting behavior is obtained 

for ratios of dAl/dSiGe = 0.1 and dAl/dSiGe = 0.25. The respective samples exhibit resistivity and Seebeck 

coefficients in the order of 101 mcm and 102 µV/K. Contrary to that, all samples with ratios of 

dAl/dSiGe ≥ 0.5 exhibit after annealing nearly metallic-like values in the range of  < 1 mcm and S < 

20 µV/K. This can be explained by diffusive dissolution of the continuous Al layers via the MIC-

induced layer exchange during annealing [19]. For lower dAl/dSiGe ratios, an Al-doped, crystalline SiGe 

matrix with isolated Al clusters can be expected after annealing, while for higher ratios of dAl/dSiGe, the 

amount of Al cannot be fully redistributed in the film sample. In the latter case, the total Seebeck 

coefficient can be expressed by ܵ = ∑ ௜ߪ ௜ܵ௜ / ∑ ௜௜ߪ  with ߪ௜ and ௜ܵ being the electrical conductivity and 

Seebeck coefficient of the respective materials [20, 21]. Thus the low resistivity and low Seebeck 

coefficient can be explained by the presence of continuous Al interlayers masking the semiconducting 

behavior of the Al-doped SiGe.  

The annealed sample (873 K, 1 h) with dAl/dSiGe = 0.5 was further examined by temperature dependent 

measurements of  and S to gain further insight into the still incomplete transition from metallic to 
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semiconducting behavior after MIC. The course of the temperature and the corresponding 

simultaneous measurement of  are shown in Fig. 3(a). It becomes apparent that for a constant 

temperature of T = 740 K, the resistivity was still changing with time indicating an incomplete 

transformation into the crystalline phase. Bearing that in mind, the measurement was divided into four 

intervals. During intervals I and III, a constant temperature of 740 K was applied for 3 h and 48 h, 

respectively, while the heating and cooling rates were chosen as 2 K/min. Intervals II and IV were 

used for Seebeck measurements. For interval II the maximum applied temperature was chosen to be 

475 K. This was due to the fact that in interval I a strictly linear increase in resistivity with temperature 

(as expected for a metallic system) was observed up to temperatures of 520 K. For higher temperatures 

a deviation to a larger change in resistivity with temperature in conjunction with irreversible changes 

in the sample were observed. During interval I, the resistivity changed from 0.6 mcm at room 

temperature to 1.3 mcm at 740 K with the largest change for temperatures above 650 K. While 

staying at 740 K for 3 h, the resistivity increased further to 1.6 mcm. For the subsequent cooling and 

reheating during interval II, virtually no temperature dependence of the resistivity was observed. After 

reheating to 740 K for interval III, an ongoing increase in resistivity was observed resulting in a 

resistivity of 2.2 mcm after 48 h of annealing. Finally, a negative temperature coefficient for the 

resistivity is revealed during interval IV. The Seebeck coefficient also shows increasing values with 

ongoing heat treatment of the sample as shown in Fig. 3(c). The Seebeck coefficient increases at room 

temperature from 17 µV/K to 26 µV/K and 38 µV/K after interval II and IV, respectively. This 

together with the increase in resistivity hints to a still ongoing dissolution of the Al layers and thus to a 

change from metallic to semiconducting behavior.  

Because the resistivity was still increasing at 740 K at the end of intervals III and IV, it is expected 

that the transformation into the crystalline phase of this sample is still incomplete. To further elucidate 

on this, another as-deposited part of the same sample was annealed at 873 K for 70 h in a quartz tube 

furnace. The corresponding temperature dependent measurements of resistivity and Seebeck 

coefficient are presented in Fig. 4. A negative temperature coefficient for the resistivity in the range of 

37 mcm to 21 mcm is observed. Additionally, the Seebeck coefficient increases with temperature 
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with values in the range of 140 µV/K to 220 µV/K. Thus, an increase of one order of magnitude can 

be observed for both the resistivity and Seebeck coefficient compared to the previously discussed 

sample where the MIC transformation was not finished. 

To gain further insight into the transformation mechanism during MIC, another sample with increased 

individual layer thickness was investigated. The thickness of Al was chosen as dAl = 40 Å and of SiGe 

as dSiGe = 400 Å such that a ratio of dAl/dSiGe = 0.1 was achieved using only 50 bilayer repetitions. This 

choice of thicknesses ensured that continuous Al layers were present in the as-deposited state and their 

dissolution by MIC could be achieved in an appropriate timeframe for our in-situ resistivity and 

Seebeck coefficient measurements. Bright field TEM images of this sample in the as-deposited state 

and after annealing at 873 K for 1 h are shown in Fig. 5. In the as-deposited state continuous layers of 

Al and SiGe are observed in Fig. 5(a). Here, the thinner Al layers appear darker compared to the SiGe 

due to additional diffraction contrast [14, 19]. The nominal thicknesses are in agreement with the 

observed thicknesses. After annealing, no multilayer structure is present in Fig. 5(b). A dense grain 

structure without voids featuring added crystalline contrast is observed. The high resolution TEM 

image in Fig. 5(c) reveals lattice planes. These can be allocated to crystalline Si80Ge20 as the inset 

shows agreement between the measured diffraction pattern corresponding to the sample area of Fig. 

5(b) and theoretical diffraction rings of polycrystalline Si80Ge20. The in-situ measurement of resistivity 

and Seebeck coefficient during annealing of the as-deposited sample is shown in Fig. 6. Metallic 

transport properties are expected before annealing due to the presence of continuous Al layers, 

changing to semiconducting transport properties after MIC due to Al layer dissolution and 

crystallization of the SiGe. In the as-deposited state a resistivity of 2.1 mcm and a Seebeck 

coefficient of -3 µV/K are obtained at room temperature. First signs of irreversible changes in the 

sample appear at 400 K revealing an increase in resistivity. The rate of change in resistivity increases 

until 485 K, where a maximum in resistivity of  = 81.6 mcm is reached. Afterwards the resistivity 

decreases steadily to 9.9 mcm at the final temperature of 725 K, which can be interpreted as an 

ongoing crystallization process of amorphous SiGe. The step-like behavior in the course of the 

measured resistivity is due to the simultaneous measurement of the Seebeck coefficient, as the sample 
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piece for resistivity measurement is placed on one of the two heaters generating the alternating 

temperature gradient to the Seebeck sample. If a continuous heating rate is applied during annealing, 

no step-like resistivity is observed [14]. After the first heating process, a fully reversible resistivity 

with a negative temperature coefficient is observed over the whole temperature range. Regarding the 

Seebeck coefficient, no deviation from metallic behavior was measured for temperatures up to 450 K. 

Above 450 K a steep increase was detected with a resulting Seebeck coefficient of 91 µV/K at 480 K. 

This coincides with the resistivity maximum and thus marks the point, where no continuous Al layers 

are present in the sample anymore. Afterwards a Seebeck coefficient with linear temperature 

dependence is observed, as expected for a degenerate semiconductor [1]. 

For calculating the resistivity, the total SiGe thickness was used. However, as the sample’s transport 

properties are clearly governed by the continuous Al layers before completed MIC, in principle the 

total Al layer thickness should be used for the calculation in that regime. Nonetheless, this would only 

decrease the determined resistivity by a factor of 10 as dAl/dSiGe = 0.1 for this sample. In the as-

deposited state the resistivity would still be two orders of magnitude too large compared to the 

resistivity of pure aluminum (Al,RT = 2.687*10-8 m [22]). Hence, the effective thickness of a single 

Al layer concerning electronic transport is likely even lower than 40 Å most probably due to 

roughness and amorphization at the layer interfaces. Knowing this, all values before reaching the 

virtual maximum in resistivity should be treated in a different way. Since the Seebeck coefficient is 

independent of the thickness of the layer it is originating from and shows metallic-like behavior for 

temperatures up to 450 K, continuous Al layers governing the electrical transport with a metallic-like 

electrical resistivity can be assumed. Thus, the observed virtual increase in resistivity is actually to be 

interpreted as an increase in resistivity due to thinning out of the Al layers because of their dissolution 

during MIC. As the exact influence on the resistivity of rather imperfect thin Al layers is not known, 

the recalculation of the resistivity in the pertinent region was not carried out. 

In-situ x-ray diffraction measurements during annealing revealed a two-step process for the metal 

induced crystallization of the SiGe layer, as was already observed by Knaepen et al. [23, 24] for Si/Al 

and Ge/Al bilayers. This process is showcased for sample LTCC-100SiGe-50Al in Fig. 7(a), where 
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two distinctive steps in diffracted intensity for a diffraction angle of 33°, which corresponds to the 

SiGe (111) reflection, can be observed at temperatures of about 500 K and 750 K.  The onset 

temperatures of the respective crystallization steps, TMIC,1 and TMIC,2, for samples with different Al 

layer thickness are summarized in Fig. 7(b). A decrease for both onset temperatures is observed with 

increasing Al layer thickness and results in a saturation of TMIC,1 ≈ 480 K and TMIC,2 ≈ 720 K. This 

behavior has been explained by the weakening of the covalent Si/Ge bonds due to the screening effect 

caused by metallic Al [25]. The Coulomb interaction between the Al metal phase and adjacent 

amorphous SiGe creates a thin interfacial region with enhanced diffusion mobility. The thickness of 

this interfacial region in Si/Al bilayers and the directly related metal induced crystallization 

temperature were calculated to saturate for dAl > 300 Å and show strong thickness dependence for dAl 

< 200 Å [25]. The inset in Fig. 7 presents the measured resistivity during annealing of the previously 

discussed sample LTCC-100SiGe-50Al-873K (compare Fig. 3(b)). A green dashed line was added as 

a guide to the eye to highlight the expected metallic linear dependence of the resistivity with 

temperature at the beginning of the annealing process. Deviation from this expected behavior is 

observed for temperatures at about 520 K, which corresponds to the onset temperature of MIC (TMIC,1 

= 515 K) for this sample. This indicates that the irreversible changes observed in resistance are indeed 

due to diffusion caused by MIC. The second onset temperature TMIC,2 is generally about 150 K to 250 

K higher than TMIC,1 and even exceeds the normal crystallization temperature of SiGe of roughly 950 K 

[26] with TMIC,2 = 1050 K for dAl = 5 Å. This second step was attributed by Knaepen et al. [23] to an 

increase in crystallization rate assisted by the occurrence of a liquid phase. As both Si and Ge form a 

eutectic system with Al, a liquid phase can be expected for temperatures higher than the respective 

eutectic temperatures Teut,SiAl = 850 K and Teut,GeAl = 693 K in such systems [13]. The saturation of 

TMIC,2 of about 720 K is very close to the eutectic temperature of the GeAl system. Even though a 

Si80Ge20 composition is used in this work and therefore a eutectic temperature close to Teut,SiAl is 

expected, the actual value close to Teut,GeAl could be explained by fluctuations in the SiGe composition 

on the microscopic scale, such that sample parts with a locally higher Ge content would already melt 

at lower temperatures compared to the rest of the sample. Samples annealed at temperatures higher 

than their corresponding TMIC,2 revealed the same properties as samples annealed below TMIC,2 with 
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respect to their resistivity and Seebeck coefficient. This can be seen exemplarily for samples LTCC-

100SiGe-10Al-873K in Fig. 1 and LTCC-100SiGe-50Al-873K-70h in Fig. 4 where TMIC,2 is lower 

than the annealing temperature of 873 K. 

If parts of the sample melted during annealing, a separation of SiGe phases with different 

compositions would be expected. The comparison of the diffraction patterns of sample LTCC-

100SiGe-50Al obtained before and after annealing during the in-situ XRD measurements is shown in 

Fig. 8(a). For both diffraction angles where Si80Ge20 peaks are expected, the emergence of a diffraction 

peak corresponding to Si80Ge20 after annealing is observed with a shift to higher angles. In reference to 

the just discussed possible local melting of the sample, this shift to higher angles would indicate a Si-

enriched SiGe phase and thus an additional Ge-enriched SiGe phase shifted to lower angles should be 

present. Indeed, an increase in intensity is also observed for lower angles just left of the expected 

diffraction peaks of Si80Ge20, but is unfortunately superimposed by diffraction signals originating from 

the LTCC substrate making it impossible to clearly state if this change is due to the emergence of a 

second Ge-enriched SiGe phase. To clarify this matter, another set of samples was prepared on a 

different substrate called ADS. The comparison of diffraction patterns of sample ADS-100SiGe-100Al 

before and after annealing at 873 K for 1 h is shown in Fig. 8(b). No diffraction peaks due to the 

substrate are observed close to the expected Si80Ge20 peak positions. For better visibility, the 

difference between the two diffraction patterns is shown in Fig. 8(c). The SiGe diffraction peaks 

observed at angles around 28° and 47° clearly show a double peak and thus demonstrate the existence 

of two different SiGe compositions in this sample. Additionally, a crystalline Al phase is also detected 

after annealing by diffraction peaks at angles around 38° and 45°. Please note that double peaks for 

SiGe only appeared in diffraction patterns after annealing at 873 K for 1 h for samples with dAl ≥ 50 Å, 

which due to the fixed SiGe thickness dSiGe of 100 Å for this sample series equals to dAl/dSiGe ≥ 0.5. 

Regarding the values for TMIC,2, a phase separation  for SiGe due to partial melting would be expected 

even down to dAl ≥ 10 Å, since only for dAl ≤ 7 Å does TMIC,2 exceed the applied annealing temperature 

of 873 K. However, the Ge-enriched SiGe phase exhibits significantly lower intensity compared to the 

Si-enriched phase and thus might not be detectable by XRD due to the limited MIC for lower Al 

thickness. The presence of multiple compositional phases might be of advantage, providing a possible 
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route for further improving the thermoelectric figure of merit for Si1-xGex systems by reducing the 

thermal conductivity without impairing the electrical properties as demonstrated for Si1-xGex bulk 

systems with different compositional phases [27]. 

 

IV. CONCLUSION 

In this study, thin film samples consisting of Si80Ge20/Al multilayers were prepared by sputter 

deposition and subsequent annealing on aluminum oxide based substrates. Samples were characterized 

regarding their electrical resistivity and Seebeck coefficient. As-deposited samples with dAl ≤ 10 Å 

showed insulating behavior, while samples with dAl ≥ 25 Å already exhibited metallic transport 

behavior due to continuous Al layers being present. After annealing at 873 K for 1 h, crystallization of 

the SiGe due to the process of MIC was observed. For ratios of up to dAl/dSiGe ≤ 0.25 this was 

accompanied by a change to semiconducting transport behavior, whereas metallic transport was 

observed for ratios dAl/dSiGe ≥ 0.50. While for lower amounts of Al, a diffusive redistribution of the Al 

can be achieved without necessarily forming continuous layers, electrical shortcuts in the form of 

continuous Al layers will be present in the case of higher Al content. Therefore, it is not possible to 

reach the desired ratio of dAl/dSiGe = 1 for a complete MIC in the case of Al and Si80Ge20 without 

afterwards removing the Al or suffering losses in thermoelectric efficiency due to metallic shortcuts. 

Additionally, in-situ transport measurements during annealing were performed to elucidate the 

influence of the MIC process on the changing electric transport parameters. First irreversible changes 

in resistivity started to appear at temperatures of about 400 K to 450 K. At 485 K a sudden change in 

resistivity and Seebeck coefficient is detected from metallic to semiconducting transport behavior 

marking the complete dissolution of the previously continuous Al layers. In-situ XRD studies revealed 

a two-step behavior in transformation into the crystalline phase during MIC. A strong dependence of 

the onset temperatures for the MIC process on the Al layer thickness was detected revealing the lowest 

values of TMIC,1 ≈ 480 K and TMIC,2 ≈ 720 K. For samples with dAl ≥ 50 Å, double peaks indicating two 

different SiGe compositions were observed after annealing. Such Si1-xGex systems with phases of 
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different compositions are promising candidates for further thermoelectric studies by potentially 

reducing the thermal conductivity without impairing the electrical properties. 
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Fig. 1: (a) Electrical resistivity and (b) Seebeck coefficient of samples with different dAl measured 

after annealing at 873 K for 1 h. 

 

Fig. 2: XRD (-2) patterns of samples with different ratios of dAl/dSiGe. The theoretical diffraction 

angles for Si80Ge20 for the utilized Cu-K wavelength are indicated by dashed lines.  

 

Table I: Comparison of resistivity and Seebeck coefficient of samples with different ratios of dAl/dSiGe 

in the as-deposited state and after annealing at 873 K for 1 h. 

Sample as-deposited annealed (873 K, 1 h) 
dAl (Å) dAl/dSiGe ρ (mcm) S (µV/K) ρ (mcm) S (µV/K) 

10 0.10 >1*10
5
 >100 55.70 152 

25 0.25 194.5 2 13.29 124 
50 0.50 0.17 2 0.69 17 
75 0.75 0.05 1 0.64 12 

100 1.00 0.03 1 0.16 7 
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Fig. 3: In-situ measurement of electrical resistivity  and Seebeck coefficient S of sample LTCC-

100SiGe-50Al-873K. (a) Sequence of applied temperature: Intervals I and III are long term annealing 

steps at a temperature of 740 K for 3 h and 48 h, respectively; Intervals II and IV indicate the Seebeck 

coefficient measurements. (b) Resistivity shown as function of the applied temperature over the whole 

measurement range. (c) Measured Seebeck coefficient for intervals II and IV during annealing. Dashed 

lines are guides to the eye. 
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Fig. 4: Measurement of (a) electrical resistivity  and (b) Seebeck coefficient S of sample LTCC-

100SiGe-50Al performed after annealing at 873 K for 70 h. 
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Fig. 5: TEM bright field cross section images of sample LTCC-400SiGe-40Al in (a) the as-deposited 

state and (b), (c) after annealing at 873 K for 1 h. (c) High resolution TEM image showing lattice 

planes, which are attributed to Si80Ge20 by showing the respective (d) diffraction image with added 

theoretical rings for polycrystalline Si80Ge20 (yellow rings). 

5 nm
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Fig. 6: In-situ measurement of the electrical resistivity  and Seebeck coefficient S during annealing 

for sample LTCC-400SiGe-40Al starting in the as-deposited state. A change both in resistivity and 

Seebeck coefficient during heating due to the effect of MIC was detected. The origin of the steps seen 

in the resistivity measurements is discussed in the text. 
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Fig. 7: (a) In-situ XRD (-2 measurement of sample LTCC-100SiGe-50Al during annealing using a 

wavelength of  = 1.797 Å. (b) Influence of the aluminum layer thickness on the crystallization 

temperature for the MIC process as measured by in-situ XRD during annealing. The inset shows the 

beginning of the annealing process of sample LTCC-100SiGe-50Al-873K with the green dashed line 

being a guide to the eye for the initial typical linear metallic resistivity dependence. The SiGe layer 

thickness was kept constant at 100 Å for all samples. 
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Fig. 8: (a) Comparison of the XRD (-2 patterns of sample LTCC-100SiGe-50Al before and after 

the annealing process up to 1123 K. The theoretical diffraction angles for Si80Ge20 for the utilized 

wavelength of  = 1.797 Å are indicated by dashed lines. (b) Comparison of XRD (-2 patterns of 

sample ADS-100SiGe-100Al before and after annealing at 873 K for 1 h. Please note that the 

diffraction angles for this measurement are shifted due to the utilization of Cu-K wavelength. (c) 

Difference of the two diffractions patterns presented in (b). 
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