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Abstract—Ge-epi on Si wafers contain >1E7/cm2 TDD which 

degrades junction leakage and potentially also degrade mobility.  

Therefore we investigated using Ge-Cz wafers as an alternative 

free of Ge-epi TDD and observed that surface Sn implantation up 

to 16% can induce surface tensile strain-Ge measured by XRD 

enhancing top 30nm n-well surface layer mobility (µe) by 2.5x 

from 500cm2/Vs up to 1250cm2/Vs but the surface tensile strain-

Ge degraded top 30nm p-well surface layer mobility (µh) by 73% 

from 3000cm2/Vs to 800cm2/Vs and surface bulk mobility by 

74% from 1850cm2/Vs to 480cm2/Vs. 
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I. INTRODUCTION  

Since the introduction of the 90nm node in 2003 by Intel 
the industry has been using recess etched eSiGe-epi p+S/D-
stressor to induce up to -3GPa compressive channel strain-Si 
for increased PMOS hole mobility (µh) by 2-5x while they used 
other techniques to induce tensile channel strain for increased 
NMOS electron mobility (µe) such as CVD tensile stress liner 
[1].  It was not until the 22nm node PD-SOI technology in 
2012 that IBM introduced 1.5% eSiC into production using 
eSiCP-epi n+S/D stressor which induced 340MPa tensile 
channel strain-Si [2].  The key to successful S/D stressor 
implementation is optimizing the deep S/D with the shallow 
SDE implant junction for high dopant activation, low junction 
leakage and minimal strain relaxation annealing effects.  From 
the periodic table the key group IV elements used in silicon 
semiconductor processing have the following lattice constant: 
C=3.56Å, Si=5.43Å, Ge=5.64Å and Sn=6.48Å as shown in 
Fig.1.  The effects on changing the crystal lattice spacing from 
the reference Si results in multiple XRD peaks to the right of 
the main Si-peak for SiC due to smaller C lattice and 
compressive strain-Si while multiple peaks to the left of the 
main Si-peak due to larger Ge lattice and tensile strain-Si.  
GeSn peak is to the left of the main Ge peak due to tensile 
strain-Ge formation.  Based on the lattice constant, 10% Sn in 
Ge would increase Ge lattice constant by 1.3%.  The traditional 

method to form high mobility Ge and GeSn channel material is 
by CVD epitaxial deposition with high TDD (threading 
dislocation density) 107-1010/cm2 due to lattice mismatch at the 
Ge/Si interface and therefore poor junction leakage as reported 
by Simoen et al [3].  Borland et al reported on an alternative 
method using amorphous Sn ion implantation followed by 
LPEC (liquid phase epi crystallization) nsec laser annealing 
[4].    

 

Fig.1. Lattice constant for C, Si, Ge and Sn.   

II. EXPERIMENTATION 

 To avoid the effects of Ge-epi TDD on mobility we 
investigated the use of Sb doped 2-7Ω*cm n-type Ge-Cz 
wafers.  Sn-implants at 3keV and 5E15/cm2 dose were 
performed for a surface Sn peak concentration up to 16% as 
verified by Sn-SIMS analysis shown in Fig.2.  For Ge-Cz hole 
mobility analysis surface p-well was formed by a B-implant at 
15keV and 1E13/cm2 dose resulting in p-well B level of 6-
9E17/cm3 while for electron mobility analysis a surface n-well 
above a buried p-layer was formed by an n-well Phos-implant 
at 40keV and 1E13/cm2 dose resulting in n-well P level of 2-
4E17/cm3.  The wafers received a 650oC RTA anneal for SPE 
of the Sn implant and well dopant activation before sending the 
wafers for laser annealing.  To vary the surface Ge-Sn 
concentration and depth within the p-well and n-well, 308nm 



laser melt annealing with varying energy density from 0.25 to 
2.0 J/cm2 was performed resulting in melt depths from sub-
melt to 700nm.  Sheet resistance (Rs) dopant activation was 
measured by 4PP while tensile and compressive strain-Ge was 
detected by XRD measurements.  Differential Hall Effect 
(DHE) measurements in the n-well region for electron mobility 
(µe) and in the p-well region for hole mobility (µh) depth 
profiles as well as Rs depth profiles were performed using the 
ALPro system.  SIMS analysis and SRP (spreading resistance 
profile) analysis was performed on selected annealed regions.  

 

Fig.2. Sn implant SIMS profiles after various laser anneals.  

III. RESULTS 

A. Dopant Activation: Sheet Resistance Rs by 4PP and 

Differential Hall Effect Depth Profile Measurements & 

SRP Analysis 

 After RTA annealing the n-well Rs was 250Ω/□ while 
the p-well Rs was 944Ω/□ as shown in Fig.3.  With laser 
annealing the n-well Rs stays the same until laser energy 
density exceeds 0.5J/cm2 then drops to ~110Ω/□ at 0.75J/cm2 
to 1.5J/cm2 as the melt depth exceeds the 250nm deep n-well.  
The further drop in Rs to 61Ω/□ for 1.75 and 2.0J/cm2 is 
because the Ge melt depth is >670nm exceeding the B buried 
layer reaching the n-substrate.  P-well Rs drops to 670Ω/□ after 
0.25J/cm2 and 0.5J/cm2 but then rapidly drops to 65Ω/□ after 
0.75J/cm2 and saturates/flattens out at ~35Ω/□ for 1.0-
2.0J/cm2.  The nGe-Cz wafer backside Rs measured 48Ω/□ by 
4PP which is equivalent to 3Ω*cm and within the wafer spec 
of 2-7Ω*cm (0.6-2.5E15/cm3 Sb doping level).  Fig.4 shows 
the Rs depth profile for n-well after 0.5J/cm2 (shot2) and 
0.75J/cm2 (shot3) laser anneal from the ALPro Rs depth 
analysis.  The n-well surface Rs is ~180Ω/□ with the n-well 
junction at >300nm, the B buried layer junction at ~500nm and 
then n-substrate at 50Ω/□.  For the 0.75J/cm2 case the n-well 
shows improved n-well activation with Rs=100Ω/□ to a depth 
of 80nm which is due to the melt depth based on the SIMS 
analysis.  Fig.5 shows the n-well P-SIMS and Sn-SIMS results 
and Fig.6 shows the p-well B-SIMS and Sn-SIMS results.  The 
Ge melt depth can be determined from the SIMS profiles so 
Fig.7 shows the Ge melt depth versus the laser power density 
for both n-well and p-well wafers.  The n-well and p-well melt 
depths are different but both intercept 0nm at around 0.5J/cm2.  
The Sn SIMS results in the p-well region in Fig. 6 shows that 
sub-melt laser anneal up to 0.5J/cm2 results in Sn peak level of 

16.9% (7E21/cm3), 0.75J/cm2 melt depth of 80nm lowers Sn 
peak to 12.2% (5E21/cm3) and flat Sn melt level of 1.2% 
(5E20/cm3) which is the Sn solid solubility limit in Ge for melt 
and 1.7J/cm2 melt depth of 450nm lowered the Sn peak level to 
0.75% (3E20/cm3) and flat Sn melt level of 0.4% (2E20/cm3) 
which is now below the Sn solid solubility limit in Ge.       

 

Fig.3. Rs 4PP results for n-well and p-well laser anneals. 

 

Fig.4. Rs depth profile from Differential Hall analysis. 

 

Fig.5. N-well region P & Sn SIMS analysis. 



 

Fig.6. P-well region B & Sn SIMS analysis. 

 

Fig.7. Ge melt depth versus laser power for n-well and p-well. 

 SRP results are shown in Fig. 8 for n-well wafer and Fig. 9 
for p-well wafer.  The Ge melt depths are shown and are 
deeper for the 0.75J/cm2 case at 110-120nm but shallower for 
the 1.75J/cm2 case at 330nm for p-well and 630nm for n-well.  
The 0.75J/cm2 anneal boosted the P n-well dopant activation to 
0.004Ω*cm from 0.015Ω*cm and carrier density from 
2E18/cm3 to 1.5E19/cm3.  The B p-well dopant activation went 
from 0.08Ω*cm to 0.005Ω*cm and carrier density from 
4E17/cm3 to 2E19/cm3. 

 

a)                                            b) 

Fig.8. SRP for n-well region; a) resistivity and b) carrier 
density.  

 

a)       b) 

Fig.9. SRP for p-well region; a) resistivity and b) carrier 

density. 

 

B. Strain Ge+Sn XRD and Hall Mobility Analysis  

XRD analysis results for Sn implant into Ge-Cz wafer is 
shown in Fig.10 with the Ge peak shoulder/hump to the left of 
the Ge main peak due to tensile strain-Ge+Sn implant.  The 
highest strain level is after RTA (2-0) and 0.25J/cm2 (2-1) laser 
anneal condition when the Sn peak level is >16% within the 
top 25nm of the Ge wafer surface as shown in Fig.2 Sn-SIMS 
results.  Starting with the 0.5J/cm2 (2-2) laser anneal condition 
and above, the XRD analysis shows decrease in tensile strain-
Ge with the Ge peak hump shifting back to the right reaching 
neutral unstrained Ge by 2.0J/cm2 (2-8) anneal when the Sn 
level is below <0.4%. 

 

Fig.10. XRD analysis of tensile strain Ge+Sn implant.   

 
ALPro layer mobility depth analysis shows a 2.5x electron 

mobility (µe) improvement for Sn implanted n-well doped Ge 
regions for the 0.25J/cm2 laser anneal case as shown in Fig. 11.  
The bulk of the n-well region mobility (µe) value is 500cm2/Vs 
from 50nm to 300nm in depth while the top 25nm of the n-well 
surface where the Sn level increases to 16% layer mobility 
increases 2.5x to 1250cm2/Vs.  The nGe substrate mobility is -
1500cm2/Vs at a depth of >720nm.  For the 0.75J/cm2 laser 
anneal case with a Ge melt depth of 100nm the n-well mobility 
remains at >400cm2/Vs from 100nm to 300nm in depth but in 
the surface melt region the layer mobility degrades and goes 
negative below 60nm suggesting the surface region is now in 
compressive strain-Ge and the XRD (2-3) shows a high left 
shoulder hump.   

 

Fig.11. N-well DHE Layer mobility (µe) versus depth for 
0.5J/cm2 and 0.75J/cm2 laser anneal.  



 Bulk mobility is shown in Fig.12 and for the 0.5J/cm2 case  
the n-well mobility (µe) is 500cm2/Vs, B-BL mobility (µh) is 
500cm2/Vs and nGe substrate mobility (µe) is -1000cm2/Vs. 
For 0.75J/cm2 case a degradation in surface n-well mobility to 
negative value suggesting the melt region is creating 
compressive strain-Ge or this mobility degradation may be due 
to the 10x higher surface oxygen level detected by SIMS in the 
Ge melt region.     

 

Fig.12. N-well DHE Bulk mobility (µe) versus depth for 
0.5J/cm2 and 0.75J/cm2 laser anneal.  

 In the p-well region layer mobility (µh) was 800cm2/Vs in 
the top 20nm before reversing to 3000cm2/Vs in the bulk of the 
p-well depth from 40nm to 110nm as shown in Fig.13 for 
0.5J/cm2 so the 16.9% Sn tensile strain-Ge degrades mobility 
(µh) by 73% therefore requiring compressive strain-Ge to 
enhance mobility.   For 0.75J/cm2 case with a Ge melt depth of 
80nm the Sn surface peak drops from 16.9% to 12.2% and the 
Sn in the melt region increases to 1.2% as shown in SIMS 
Figs.2 & 6.  The bulk p-well layer mobility (µh) drops to 
1500cm2/Vs from 20nm to 70nm then increases up to 
4000cm2/Vs at 90nm but in the top 10nm of the surface where 
Sn increases to 12.2% the mobility goes negative due to 
compressive strain-Ge.  Fig.14 shows bulk mobility (µh) for the 
p-well region with a 74% drop in µh from 1850cm2/Vs for 
>140nm depth to 480cm2/Vs for <35nm depth for 0.5J/cm2 
laser anneal where Sn approaches 16.9%.  With 0.75J/cm2 laser 
anneal p-well (µh) bulk mobility remians flat at 1850cm2/Vs 
due to low Sn <1.2% in the p-well melt region.  ALPro layer 
mobility is plotted against the reference Ge and Si electron and 
hole mobility chart in Fig.15 showing the 2.5x increase in n-
well and 73% decrease in p-well surface mobility.    

 

Fig.13. P-well DHE Layer mobility (µh) versus depth for 
0.5J/cm2 and 0.75J/cm2 laser anneal. 

 

Fig.14. P-well DHE Bulk mobility (µh) versus depth for 
0.5J/cm2 and 0.75J/cm2 laser anneal. 

 

Fig.15. Comparison of ALPro mobility to Ge reference µe & µh. 

IV. SUMMARY 

With Sn implant into Ge-Cz wafers we achieved tensile 
strain-Ge surface region 30nm deep.  The peak Sn level was 
16% before laser melt annealing and the melt depth was used 
to engineer and reduce the Sn level.  A 2.5x increase in n-well 
region electron layer mobility from 500cm2/Vs to 1250cm2/Vs 
while a 73% degradation in p-well region hole bulk mobility 
from 1850cm2/Vs to 480cm2/Vs.  Use of Ge-Cz wafers allows 
the avoidance of any mobility degradation caused by 107-
109/cm2 Ge-epi threading dislocations density (TDD).  
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