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13
14 This study investigates the viability of Si1-xGex:P (x ≤ 0.3) as a novel source/drain 
15 material for n-channel Metal-Oxide-Semiconductor for Gate-All-Around (GAA) 
16 transistor, addressing the challenges posed by the evolving semiconductor 
17 technology. Utilizing a reduced-pressure chemical vapor deposition system, 
18 undoped SiGe with low Ge contents were grown at temperatures ≤ 500°C. The 
19 addition and optimization of phosphorous doping using phosphine results in 
20 improved surface morphology and increased active carrier concentration. The 
21 study compares Si1-xGex:P with different silicon precursors and temperatures, 
22 emphasizing the potential for maintaining high growth rates at lower 
23 temperatures when using Si3H8. Ti / Si1-xGex:P stacks reveal a promising 
24 reduction in contact resistivity with decreasing the Ge content, particularly 
25 when incorporating thin Si:P cap layers at the Ti / Si1-xGex:P interface. This 
26 comprehensive study highlights the potential of Si1-xGex:P as an alternative 
27 material for advanced GAA transistor technologies, offering improved mobility 
28 and meeting the thermal budget requirements. 
29
30
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1 1. Introduction
2 With the miniaturization and evolution of complementary metal oxide 
3 semiconductor (CMOS) devices, the specifications of processes and materials are 
4 regularly updated. New device concepts such as Gate-All-Around (GAA) 
5 transistors and Complementary Field-Effect Transistors (CFET) are considered 
6 for technologies below the 2 nm node 1-4). The considered designs bring new 
7 challenges, in particular for source/drain (S/D) engineering. 
8 Strained channels have been employed from the 90 nm node, and are still 
9 being utilized in FinFET, which has become mainstream from the 22 nm node 

10 5-7). Currently, SiGe:B (pMOS) and Si:P (nMOS) are utilized for S/D engineering, 
11 in order to apply compressive and tensile strain in the Si channel, respectively. 
12 Moreover, the active carrier concentrations achieved in these materials amount 
13 to ~ 1 ×  1021 cm-3 8-12). However, recent TCAD simulations have shown that 

14 SiGe:B and Si:P generate tensile and compressive strain in {110}-oriented GAA 
15 Si channels, respectively 13-14). Therefore, employing conventional S/D materials 
16 in GAA architectures is expected to lead to channel strain inversion and mobility 
17 degradation. Hence, to attain the correct strain signs, leading to improved 
18 mobilities, we propose to use Si1-xGex:P (x ≤ 0.3) for nMOS. 
19 In addition, in sub 2 nm technology nodes, process temperatures below 500°C 
20 1,2,15,16) and contact resistivities (ρc) as low as ≤ 1×10-9 Ωcm2 12) are desirable. 

21 Consequently, it is imperative to reduce processing thermal budgets and achieve 
22 high active carrier concentrations in the S/D. To fulfill these requirements, Si1-

23 xGex:P (x ≤ 0.3) epitaxial growth was performed at temperatures ≤ 500°C using 
24 higher order Si and Ge precursors. Low temperature processing typically 
25 enables the growth of Si:P with higher active doping concentrations 16-20) and 
26 can meet the thermal budget requirements imposed by these advanced 
27 architectures. The epitaxial growth of Si1-xGex:P (x ≥ 0.3) has been discussed in 
28 Ref. 21,22. However, the active carrier concentration did not exceed ~ 1×1020 

29 cm-3. The current study investigates the formation of Si1-xGex:P, with lower Ge 
30 concentrations (x ≤ 0.3). The epitaxial growth has been done on blanked Si 
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1 wafers with (001) surface orientation. This work aims to assess the achievable 
2 maximum active doping concentration and the corresponding lowest contact 
3 resistivity, which is the first step in considering this material as a novel nMOS 
4 S/D for GAA. This paper is composed of three main sections dedicated to (1) 
5 undoped SiGe epi with low %Ge, (2) P doping in epitaxial SiGe:P, and (3) the 
6 evaluation of resulting contact resistivities.
7

8 2. Experimental methods
9 The deposition of all layers was executed on 300 mm p-type Si(100) wafers 

10 utilizing an Intrepid XP™ epitaxy tool, which is a reduced-pressure chemical 
11 vapor deposition system optimized for industrial applications. To enable Si1-xGex 
12 epitaxial growth on the blanket silicon wafers, an in-situ thermal treatment was 
13 performed in hydrogen (H2) at 1050°C to eliminate native oxides formed on the 
14 surface. The experiments were conducted under a reduced pressure of 20 Torr, 
15 with H2 as carrier gas and keeping the H2 flow at several tens of standard liters 
16 per minute (slm). Disilane (Si2H6) and trisilane (Si3H8) were used as silicon 
17 precursors and combined with digermane (Ge2H6, 1% in H2) and phosphine (PH3, 
18 15% in H2) for the growth. This work follows initial developments published in 
19 Ref. 21, where similar growth chemistries have been considered. In the current 
20 work Si1-xGex:P with lower Ge concentrations are being studied. The growth 
21 temperature has been varied between 400 and 500°C. The purity of H2, Si2H6, 
22 Si3H8, Ge2H6 and PH3 gases are 99.9999%, >99,998%, > 99.00%, >99.999 % and 
23 >99.999 %.
24 High-Resolution X-ray Diffraction (HRXRD) and Reflectivity (XRR) 
25 measurements were conducted using a JVX7300LM instrument to determine 
26 apparent Ge contents and layer thicknesses. The total Ge and P chemical 
27 concentrations were quantified through Secondary Ion Mass Spectrometry 
28 (SIMS). Active carrier concentrations were evaluated by Micro-Hall Effect 
29 measurements (MHE) on a CAPRES CIPTech® M300 tool. Note that all values 
30 assume a Hall scattering factor (HSF) of 1. Top view Scanning Electron 
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1 Microscopy (SEM) and cross-section Transmission Electron Microscopy (TEM) 
2 were used to investigate the sample morphologies and material crystallinity. 
3 The Multi-Ring Circular Transmission Line Method (MR-CTLM) was used for 
4 ρc evaluation of blanket Ti / (Si:P) / Si1-xGex:P stacks 12, 23).
5

6 3. Results and discussion
7 3.1 Low temperature growth of undoped SiGe with low Ge 
8 content
9 　

10 First, undoped SiGe process conditions were developed to achieve Si1-xGex 
11 growth with x  30%. Previous growth studies presented in Ref. 24 were used as 
12 a starting point. Figure 1 shows the dependence of Ge contents and growth rates 
13 for SiGe layers grown at different temperatures on the Si2H6/Ge2H6 flow ratio. 
14 The Ge content decreases with increasing process temperature, along with the 
15 typical trend of decreasing Ge content with increasing Si2H6/Ge2H6 flow ratio 25). 
16 The growth rate increases with decreasing Si2H6/Ge2H6 flow ratio, indicating 
17 that the decomposition of Ge2H6 is the main parameter governing the growth 
18 kinetics. As an example, growing Si1-xGex (x ≤ 0.3) with a Si2H6/Ge2H6 flow ratio 
19 of 333.3 yields an increased growth rate from 0.3 nm/min to 4.4 nm/min with 
20 increasing temperature from 400°C to 500°C.
21 Growth rates in the range of a few Å nm/min are not sufficient for industrial 
22 applications. Higher growth rates, in the range of a at least a few nm/min, are 
23 necessary. For this reason, a growth temperature of 500°C was selected, in 
24 combination with a Si2H6/Ge2H6 flow ratio of 333.3 since these settings provide 
25 sufficiently high growth rates while keeping the overall thermal budget 
26 compatible with the researched devices. 
27

Page 4 of 23AUTHOR SUBMITTED MANUSCRIPT - JJAP-105960.R3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Template for JJAP Regular Papers, STAP Articles, and 
reviews (Oct. 2022)

5
public

1
2 Fig. 1. Apparent Ge contents and growth rate determined from HRXRD as a 
3 function of the Si2H6/Ge2H6 flow ratio at constant Ge2H6 flow for undoped SiGe 
4 grown at 400°C or 500°C. 
5

6 Figure 2 displays surface inspection results for Si1-xGex grown with different 
7 Si2H6/Ge2H6 flow ratios. No defects are observed when growing Si0.60Ge0.40 at 
8 400°C with a Si2H6/Ge2H6 flow ratio of 100 (Figure 2(a)). However, defects are 
9 observed when using a larger Si2H6/Ge2H6 flow ratio of 333.3, at the same 

10 growth temperature of 400°C (Figure 2(b)) and at a higher growth temperature 
11 of 500°C (Figure 2(c)). Defects observed in Figure 2(b) appear smaller compared 
12 to those in Figure 2(c) due to the reduced film thickness. These defects are 
13 expected to enlarge with increasing film thickness. Still, comparing Figures 2(a) 
14 and 2(b), one can observe that Ge-rich layers (Si2H6/Ge2H6 flow ratios < 100) 
15 exhibit no defectivity for the same thickness. However, layers containing a lower 
16 Ge content (flow ratios  333.3) are covered by many defects, for both 
17 temperatures evaluated in this work.
18
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1
2 Fig. 2. Top view SEM images of SiGe layer surfaces for samples grown with (a) 
3 a Si2H6/Ge2H6 flow ratio of 100 and at 400°C, (b) a Si2H6/Ge2H6 flow ratio of 
4 333.3 and at 400°C, and (c) a Si2H6/Ge2H6 flow ratio 333.3 and at 500°C. 
5 Deposition times were the same for all layers.
6

7 The TEM cross-section image of such a defect is shown in Figure 3. Defects 
8 have a conical shape and contain 2 different regions ascribed to polycrystalline 
9 and amorphous phases. The growth rate of the nucleated polycrystalline and 

10 amorphous phases is higher than that of the mono-crystalline phase. Such 
11 characteristics remind results presented in earlier literature reports. It has e.g., 
12 been suggested that such particles may be formed by contamination of available 
13 surface sites 24). However, it appeared that some particles are generated during 
14 the growth process and are not formed at the SiGe:P / Si substrate interface. 
15 Aubin et al. 26) previously reported on the observation of similar defects when 
16 using excessive Si2H6 flow rates. The formation of these defects was ascribed to 
17 the insufficient surface diffusion of the reacting molecules. Similar phenomena 
18 were also observed for Si (or SiGe) epitaxy using Si2H6 (and GeH4) at 20 Torr 
19 and low temperature 27), suggesting again gas phase nucleation and low adatom 
20 mobility as parameters generating defectivity. 
21
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1
2 Fig. 3. Bright field cross-section TEM of the Si0.85Ge0.15 layer shown in Fig. 2(c) 
3 and grown with a Si2H6/Ge2H6 flow ratio of 333.3 with a focus on a defect. The 
4 inset circled in blue corresponds to a zoomed-in image taken at the base of the 
5 defect.

6

7 3.2 Maximizing active P doping in epitaxial Si1-xGex:P with 
8 low Ge contents.
9

10 It has been reported that the active carrier concentration in Si1-xGex:P with x 
11 = 40-50% saturates at approximately 1× 1020 cm-3 21). To employ this material 

12 as a S/D layer, achieving higher active carrier concentrations is imperative. P 
13 doping was implemented using process conditions providing sufficiently high 
14 growth rates and for Ge contents below 30%. Conditions developed for undoped 
15 SiGe and using a Si2H6/Ge2H6 flow ratio of 333.3 and a growth temperature of 
16 500°C were selected. As shown in Figure 4, the surface morphology significantly 
17 improves with increasing PH3 flow rate, with the disappearance of the observed 
18 surface defects. Interestingly, a similar trend was observed in Ref. 28, where 
19 originally observed defects disappeared when B2H6 was added to the Si2H6 + 
20 GeH4 growth chemistry at 450°C. This phenomenon can therefore be attributed 
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1 to the promotion of hydrogen desorption from the growth surface thanks to the 
2 introduction of PH3. The presence of phosphorus from PH3 weakens the Si-H 
3 and Ge-H bonds, making it easier for hydrogen to desorb from the surface 29). 
4 This enhances the decomposition of Si2H6 as well as SiH4 molecules, which 
5 exhibit low reactivity. 
6

7
8 Fig. 4. Top view SEM images showing the morphology of SiGe and SiGe:P films 
9 grown with PH3 flows of (a) 0 a.u., (b) 0.3 a.u., (c) 1 a.u., and (d) 3 a.u.. The 

10 Si2H6/Ge2H6 flow ratio was fixed to 333.3 at 500°C. 
11

12 Figure 5(a) shows the active carrier concentration ([P]active) as estimated from 
13 MHE measurements, the total P concentration ([P]total) as measured by SIMS, 
14 the apparent Ge content as extracted from HRXRD, and the real Ge content as 
15 measured by SIMS, all as a function of PH3 flow. In the low PH3 flow region (PH3 
16 flow from 0.3 to 1 a.u.), the Ge concentration decreases rapidly with increasing 
17 the PH3 flow. This dependence is consistent with the one observed in Ref. 21, 25, 
18 28 and suggests a competitive interaction between PH3 and Ge2H6. For PH3 
19 flows above 1 a.u., the reduction in Ge concentration shows a saturation. This 
20 behavior is not yet understood and needs to be studied in more detail.
21 Increasing the PH3 flow leads to an increase in active carrier concentration, 
22 which reaches a maximum of ~ 2.4×1020 cm-3. Subsequently, the active carrier 

23 concentration saturates at higher PH3 flows. This dependence is similar to the 
24 one observed in 21). For PH3 flows above 1 a.u., [P]total no longer coincides with 
25 [P]active, suggesting that the P atoms are not fully active but may be present in 
26 the layer paired with vacancy defects 9). Such a large number of substitutional 
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1 dopants also affects the strain present in the layer similar to the strain variation 
2 as reported for Si:P 9). This explains the difference in Ge contents as extracted 
3 from HRXRD and SIMS. The simultaneous decrease in apparent and total Ge 
4 contents in the region up to PH3 flow = 1 a.u. is therefore, due to the competition 
5 between PH3 and Ge2H6 adsorption, and not to strain compensation effects 21, 

6 30). On the other hand, the decrease in apparent Ge content for a PH3 flow above 
7 1 a.u., can be partly due to lattice shrinkage caused by P incorporation 30). This 
8 is further illustrated by the Ge content as measured by SIMS, which does not 
9 further decrease with increasing PH3 flow.  Nevertheless, further research is 

10 needed to understand this mechanism.
11    Figure 5(b) shows the dependence of the growth rate on PH3 flow. Growth 
12 rates were measured by XRR. The growth rate increased with increasing PH3 
13 flow rate. A comparable trend was observed for SiGe:B and SiGe:Ga, with these 
14 behaviors being ascribed to the increased desorption of surface hydrogen atoms 
15 due to interactions with dopants and the creation of active sites that facilitate 
16 an effective deposition process 31, 32). The saturation of [P]active and growth rate 
17 with increasing PH3 flow was observed to be similar to one observed for Si:P 
18 with Si2H6 grown at 550°C 33). The stage at which the growth rate plateaus are 
19 reached likely coincides with the formation of electrically inactive Si3P4, P3V, or 
20 P4V clusters as the separation between [P]total and [P]active increases 33).
21

22
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1  
2 Fig. 5. (a) [P]total, [P]active, apparent and real Ge contents as a function of the PH3 
3 flow for layers grown with Si2H6/Ge2H6 = 333.3 at 500˚C. (b) Corresponding 
4 growth rate as a function of PH3 flow. 
5

6

7 3.3 Comparison of Si1-xGex:P growth with Si2H6 and Si3H8

8

9 It has been demonstrated that lower growth temperatures may result in the 
10 growth of epilayers with higher active carrier concentrations 34). On the other 
11 hand, the decrease in temperature usually leads to a significant reduction in 
12 growth rate. A method to maintain acceptable growth rates while using a lower 
13 growth temperature involves the use of higher-order precursors such as Si3H8 
14 35-41) . In this section, the properties of Si1-xGex:P layers grown with Si2H6 and 
15 Si3H8 will be compared. In addition, the impact of the growth temperature 
16 ranging from 450°C to 500°C has been investigated. To ensure a fair comparison, 
17 all other SiGe growth conditions were maintained the same.
18 Figure 6 shows surface morphologies of SiGe:P grown with Si3H8 at 450°C 
19 and 500°C. As observed previously, defects observed at low PH3 flows (0.5 a.u. 
20 in Figure. 6(a) and (e)), disappear with increasing the PH3 flow. This is similar 
21 to results previously obtained for SiGe:P growth with Si2H6 and presented in 
22 Figure 4. However, it should be noted that film thicknesses are here lower for 

Page 10 of 23AUTHOR SUBMITTED MANUSCRIPT - JJAP-105960.R3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Template for JJAP Regular Papers, STAP Articles, and 
reviews (Oct. 2022)

11
public

1 results shown in Figure 4.
2

3
4 Fig. 6. Top view SEM images showing the morphology of SiGe:P films grown 
5 with PH3 flows of (a) 0.5 a.u., (b) 1 a.u., (c) 2 a.u., (d) 7 a.u. with Si3H8/Ge2H6 at 
6 450°C, and (e) 0.5 a.u., (f) 1 a.u., (g) 2 a.u., and (h) 7 a.u. with Si3H8/Ge2H6 at 
7 500°C
8

9 Figure 7(a) shows that layers grown with Si3H8 exhibit, for a given growth 
10 temperature, higher growth rates compared to those grown with Si2H6 which is 
11 in agreement with literature 24),41)41). Si growth using a higher order precursor 
12 presents a much more complex growth mechanism than the classical precursors 
13 like silane, providing uncommon Arrhenius plots 24),25),38),40). Gouyé et al.38) 
14 proposed descriptions for the decomposition of a higher order Si molecules 
15 ending with the direct formation of a Si atom from their gas phase, with SiH4 
16 molecules as gas by-products. Byeon et al. 41) proposed two competing reaction 
17 schemes providing either Si2H6 or SiH4 as by-products. Alternatively, a specific 
18 surface reaction mechanism from Si3H8 on H passivated substrates has been 
19 proposed by Caymax et al. 39). In this model, Si3H8 permits the removal of H 
20 passivation atoms to open free sites on the growing surface and allowing SiH3 
21 ligands to bind to it while Si2H6 is formed as a by-product. For Si3H8, it is 
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1 believed that both decomposition mechanisms (in the gas phase and on H 
2 passivated surfaces) act together to explain the different Si3H8 Arrhenius plots 
3 reported in literature 40). In contrast to conventional precursors, the growth is 
4 therefore not limited by H-desorption from the growing surface. This is a main 
5 reason why Si3H8 enables higher growth rates, in addition to the relatively 
6 weaker chemical bonds compared to Si2H6, making it easier to decompose at 
7 lower temperatures. 
8 At 450°C, the SiGe growth rate using Si3H8 is approximately 4 nm/min and 
9 it does not show a clear dependency on the PH3 flow. Although the reduction in 

10 growth rate due to the decrease in temperature is noticeable, the precursor 
11 therefore still provides an acceptable growth rate. The measured apparent Ge 
12 contents as extracted from XRD, are higher for layers grown with Si3H8 at 450°C, 
13 while they are lower for layers grown with Si3H8 at 500°C, compared to layers 
14 grown with Si2H6 at 500°C, as shown in Figure 7(b). The experimentally 
15 observed difference in Ge incorporation for Si3H8 vs Si2H6 at 500C is in line 
16 with previous studies on epitaxial growth of undoped Si1-xGex using Si3H8 /GeH4 
17 vs SiH4/GeH4 36). In this work, the difference in Ge incorporation has been 
18 assigned to a more efficient Si deposition in case Si3H8 is used.
19

20
21 Fig. 7. (a) Growth rates and (b) apparent Ge contents as a function of PH3 flow 
22 for layers grown with Si2H6 + Ge2H6 at 500°C, Si3H8 + Ge2H6 at 500°C and 450°C. 
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1 The Si2H6 and Si3H8 flow rates were fixed with Si2H6 /Ge2H6 and Si3H8/Ge2H6 

2 ratios of 333.3.
3

4 [P]active and [P]total as a function of PH3 flow rate are shown in Figure 8. For 
5 layers grown with Si3H8, [P]active saturate at similar values compared to layers 
6 grown with Si2H6, with a maximum [P]active around ~ 3×1020 cm-3. The reduction 

7 in growth temperature did therefore not significantly enhance [P]active. However, 
8 for this set of growth conditions, there might be a PH3 flow where [P]active shows 
9 a maximum, while the layers grown at 500C show a small but steady increase 

10 in [P]active up to the highest PH3 flow used in this study. On the other hand, the 
11 saturation of [P]total seems to vary depending on the choice of the epitaxial 
12 growth conditions. Si3H8 decomposes more easily than Si2H6 and more silicon 
13 atoms are supplied to the growth surface. Growing SiGe:P at 450°C with Si3H8 
14 tends to enable higher [P]total saturation levels compared to layers grown at 
15 500°C. Comparable [P]active are obtained for the lowest temperature growth with 
16 a higher apparent Ge content. This might be beneficial if SiGe:P is considered 
17 as lateral stressor grown against nanosheet side walls. 
18 On the other hand, [P]total saturation appears to vary with epi conditions. 
19 Si3H8 decomposes more readily than Si2H6, supplying more silicon atoms to the 
20 growth surface and simultaneously incorporating more PH3 into the layer. At 
21 450°C, using Si3H8; leads to higher [P]total than Si2H6.
22
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1
2 Fig. 8. [P]total and [P]active as a function of the PH3 flow for Si2H6 + Ge2H6 at 500°C, 
3 Si3H8 + Ge2H6 at 450°C and Si3H8 + Ge2H6 at 450°C. Si2H6 / Ge2H6 and Si3H8 / 
4 Ge2H6 ratios were equal to 333.3.
5

6

7 At the end of this section, Table 1 lists the Si1-xGex:P composition, the growth 
8 temperature, [P]active, [P]total and used precursors obtained in this work and other 
9 references. [P]active indicates the highest active concentration reported in each 

10 case. For reports where no [P]active are given, the highest [P]total is shown. As can 
11 be observed, P concentrations are limited to 1-3×1020 cm-3 for layers grown in 

12 the reported conditions. Achieving [P]active levels approaching 1×1021 cm-3 in Si1-

13 xGex:P therefore seems challenging. For this reason, additional Si:P capping is 
14 considered to improve the contact performance.

15

16

17

18

19
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1 Table 1.  Characteristics of several Si1-xGex:P layers prepared in this work and 
2 reported in literature

Ref. Si1-xGex Temperature(°C) [P]active (cm-3) [P]total (cm-3) Si precursor Ge precursor

Ref. 12 Si:P < 500 1.0×1021 1.5×1021 Si2H6 /

This work Si0.89Ge0.11:P 500 2.4×1020 6.0×1020 Si2H6 Ge2H6

This work Si0.82Ge0.18:P 450 3.0×1020 6.0×1020 Si3H8 Ge2H6

Ref. 21 Si0.70Ge0.30:P 400 1.0×1020 NA Si2H6 Ge2H6

Ref. 21 Si0.60Ge0.40:P 400 8.0×1019 2.5×1020 Si2H6 Ge2H6

Ref. 21 Si0.50Ge0.50:P 400 6.0×1019 9.0×1019 Si2H6 Ge2H6

Ref. 22 Si0.56Ge0.44:P 650 1.0×1020 NA SiH2Cl2 GeH4

Ref. 35 Si0.56Ge0.44:P 600 NA 2.0×1020 Si2H6 Ge2H6

Ref. 35 Si0.43Ge0.57:P 500 NA 2.0×1020 Si2H6 Ge2H6

3

4

5 3.4 Specific resistivity of Ti (/ Si:P) / Si1-xGex:P contact stacks
6

7 The previous sections describe the properties of epitaxial SiGe:P films grown 
8 on unpatterned Si(001) surfaces. Lateral S/D growth against the side walls of 
9 nanosheet channels is expected to provide the opposite stress sign in the channel 

10 in comparison to the more common bottom-up S/D growth 13-14). The current 
11 section will focus on the performance of contact stacks based on SiGe:P and 
12 extracted from the CTLM routine. The objective is to assess the potential of 
13 SiGe:P as a candidate for the next generation S/D material and to compare the 
14 contact properties to those obtained for epitaxial Si:P grown at low temperature 
15 12).
16 Si1-xGex:P (x ≥ 0.3) layers were grown using the same conditions as those 
17 reported in Ref. 21. For these layers, [P]active  up to 1×1020 cm-3 have been 
18 measured. The Si0.9Ge0.1:P layer has been grown with Si2H6/Ge2H6 at 500°C 
19 using a PH3 flow of 2 a.u. (Fig. 5(a)). The Si0.82Ge0.18:P layer has been grown with 
20 Si3H8/Ge2H6 at 450°C and a PH3 flow of 2 a.u. (Fig. 8). Finally, a Si:P reference 
21 layer was used, with [P]act as high as 1 × 1021 cm-3 and grown with the same 
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1 growth conditions as reported in Ref. 12.
2 The CTLM extracted epilayer resistivities are reported in Figure 9(a). The 
3 resistivity is lowest for the Ti / 40 nm Si:P sample and is deteriorated with 
4 increasing Ge content in Si1-xGex:P in Ti / 40 nm Si1-xGex:P stacks. This trend 
5 correlates with the [P]active for each epi layers. Figure 9(b) shows the 
6 corresponding contact resistivities. Low temperature Si:P can yield [P]active as 
7 high as 1×1021 cm-3 and contact resistivities as low as ~ 2×10-9 Ωcm2. For the 

8 Ti / 40 nm Si1-xGex:P contacts, ρc increases with increasing the Ge content. The 
9 lowest extracted ρc is ~ 2×10-8 Ωcm2 for Si0.89Ge0.11:P, which is 10x higher than 

10 for Ti / 40 nm Si:P. 
11 The insertion of a thin Si:P layer with a high [P]active in between Si1-xGex:P and 
12 Ti leads to a significant reduction in ρc. Specifically, the ρc of Ti / 10 nm Si:P / 40 
13 nm Si0.89Ge0.11:P is measured to be ~ 4×10-9 Ωcm2. The ρc of Ti / thin Si:P / Si1-

14 xGex:P is slightly higher than that of Ti / Si:P and the ρc systematically increases 
15 with increasing the Ge contents, albeit more gradual than for Ti / Si1-xGex:P. A 
16 possible consideration is that altering the Ge content in the SiGe:P layer could 
17 affect the lattice mismatch between thin Si:P / SiGe:P, potentially affecting Si:P 
18 layer relaxation. This increase in ρc is however not fully understood and may 
19 possibly be caused by other effects. As shown in Figure 10, the surface of thin 
20 10 nm Si:P / 40 nm Si0.5Ge0.5:P exhibits a clear cross-hatch pattern  (Figure 
21 10(b)), indicative for partial strain relaxation. On the other hand, thin 10 nm 
22 Si:P / 40 nm Si0.6Ge0.4:P displayed a smooth surface (Figure 10(a)). In other 
23 words, increasing the Ge content in Si1-xGex:P potentially impacts the contact 
24 resistivity due to the induced defectivity caused by the layer relaxation. 
25 However, since thin Si:P / SiGe:P with low Ge content did not undergo relaxation, 
26 detailed analysis is required to fully understand and clarify these aspects.
27 Ti / thin Si:P / SiGe:P proves to be a promising approach to mitigate ρc 
28 penalties while benefiting from correct channel strain. In addition, in 
29 transistors, it is essential to also consider S/D resistivity. Nevertheless, this 
30 approach may carry significant importance as a mean to enhance mobility by 
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1 combining S/D epitaxial stress while achieving low ρc. 

2  
3 Fig. 9. (a) Resistivity as a function of Ge content for Ti / 40 nm Si1-xGex:P and Ti 
4 / 40 nm Si:P contact stacks. (b) Specific resistivity of Ti / 40 nm Si1-xGex:P, Ti / 
5 40 nm Si:P, and Ti / 10 nm Si:P / 40 nm Si1-xGex:P contact stacks as a function 
6 of Ge content in Si1-xGex:P. 
7

8
9 Fig. 10. Top view SEM images showing the morphology of (a) 10 nm Si:P / 40 nm 

10 Si0.6Ge0.4:P and (b) 10 nm Si:P / 40 nm Si0.5Ge0.5:P.
11

12

13

14

15

16
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1 4. Conclusions
2 This study presents a comprehensive exploration of Si1-xGex:P as a new 
3 nMOS source/drain (S/D) material for gate-all-around (GAA) transistors in 
4 advanced technology nodes beyond 2 nm. The motivation for this work stems 
5 from the concern that conventional nMOS S/D materials such as Si:P may cause 
6 strain inversion and mobility degradation in modern GAA architectures. This 
7 study hence focuses on maximizing active P doping in epitaxial Si1-xGex:P with 
8 low Ge contents and evaluating the resulting contact properties.  
9 Highly crystalline Si1-xGex:P with active carrier concentrations reaching ~ 

10 3.0 × 1020 cm-3 was demonstrated, surpassing the limitations observed in 

11 previous studies. The optimization of phosphine (PH3) partial pressure during 
12 the growth process plays a crucial role in improving surface morphology and 
13 enhancing active carrier concentration. Additionally, switching from Si2H6 to 
14 Si3H8 as silicon precursor confirms higher growth rates, together with 
15 advantages in achieving higher active carrier concentrations at lower growth 
16 temperatures. Replacing Si:P with Si1-xGex:P nevertheless causes some contact 
17 performance degradation. However, the incorporation of a thin Si:P layer 
18 between the Ti contact and the Si1-xGex:P S/D allows to mitigate this effect. 
19 Replacing Si:P by SiGe:P S/D in nMOS GAA requires to consider the balance 
20 between losses in contact performance vs on current improvement thanks to 
21 mobility enhancement. Moreover, if SiGe:P can be expected to be a promising 
22 S/D epi for GAA devices, it should be remembered that the S/D must be grown 
23 selectively. Given the considered precursor and low temperature process, cyclic 
24 deposition/etching routines would be needed. In addition, S/D growth would 
25 occur from (110) GAA channel sidewalls rather than on Si(100). This would then 
26 require more complex S/D epi optimization. A follow up of this work could also 
27 extend the study of low temperature SiGe:P using Si2H6 in combination with the 
28 more conventional GeH4, and PH3. 
29 In summary, Si1-xGex:P, with its favorable growth characteristics, relatively 
30 high active carrier concentrations and low contact resistivity, emerges as a 
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1 promising candidate for nMOS S/D material for GAA architectures to address 
2 the evolving demands of sub 2 nm technology nodes. This research opens 
3 avenues for further exploration and development in the field of next-generation 
4 S/D epitaxial research. 
5
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