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Abstract—We report room temperature p-type acceptor 

formation in Ge from B and C implant damage up to a level of 

120Ω/□ or 1E19/cm3.  For n-type dopant implants in Ge we found 

that an oxide surface capping layer was required above 625oC to 

prevent dopant surface loss.  P followed by As then Sb gave the 

best dopant activation and at the same low temperature anneal B, 

P, As and Sb Rs values were always lower in Ge  by 1.3x to 3x than 

in Si possibly directly related to the higher mobility ratio in Ge to 

Si and differences in Ge dopant surface loss and segregation into 

oxide. 
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I. INTRODUCTION 

Embedding Si-CMOS technology with localized regions of 
80-100% Ge material for high mobility channels will start to 
occur at the 10nm node and beyond for both pMOS and nMOS 
devices.  Poor n-type dopant activation with rapid diffusion has 
been reported for the past decade as one of the limitation for Ge-
NFET devices as reported by Saraswat [1] in 2005.  However, 
in 2009 Kim et al [2] reported using co-implants of P+Sb to 
achieve >1E20/cm3 n-type dopant activation in Ge.  The 
historical dopant solid solubility limit comparative data for Si 
and Ge was reported by Trumbore [3] dating back to 1959 is 
missing data for B and P in Ge and only shows solid solubility 
data for p-type Ga dopant starting at 24oC (room temperature) 
and n-type As starting at 750oC and Sb starting at 600oC.  In Si 
the solid solubility data for B starts at 1150oC, As at 1075oC, P 
at 900oC and Sb at 700oC.  Therefore, we decided to do an up to 
date direct comparison of implanted dopant activation in Si and 
Ge materials from room temperature to the melting temperature 
of Ge at 937oC and Si at 1407oC using RTA and laser annealing.  

II. EXPERIMENTATION 

A. P-type Implantation 

For p-type implantation we used 150mm Cz bulk Si n(100) 
and Ge n(100) wafers.  B was implanted at 30keV and either a 
dose of 5E15/cm2 or 5E14/cm2.  We also used BF2 implantation 
at 150keV, 5E14/cm2 dose to investigate the effects of a self-
amorphizing implant on dopant activation.  RTA annealing for 
10 sec from 400oC to 900oC for the Ge implanted wafers and 
from 700oC to 1050oC for the Si implanted wafers.  Laser melt 
annealing was also performed.  

B. N-type Implantation 

For n-type implantation we used 150mm Cz bulk Si p(100) 
wafers and grew 1um of intrinsic Ge-epilayer on top.  We also 
compared two doses at 1E16/cm2 and 2E15/cm2 for phosphorus 
(P) dopant but only 1E16/cm2 for arsenic (As) and antimony 
(Sb) dopants all at 20keV.  We also investigated co-implants of 
P+Sb, P+F and P+C.  The p-type and n-type implant matrix is 
listed in Table I below.  

 

Table I. Detailed implant matrix investigated. 

III. RESULTS 

A. B and BF2 Implants into Ge and Si 

The Rs (sheet resistance) results measured by 4PP after the 
various p-type implants before and after annealing are shown in 
Fig.1 below.  Note most interesting is the self-activation 
(decrease in Rs) of p-type dopant after implant especially for 
monomer B as the dose increases.  Using 4PP measurement the 
5E14/cm2 B-implant Rs was 190Ω/□ and at higher implant dose 
of 5E15/cm2 Rs was 120Ω/□ suggesting the implant damage in 
Ge creates acceptors/holes equivalent to an implant B dose of 
1E14/cm2.  When BF2 implant was used which is self-
amorphizing with less residual implant damage the Rs was much 
higher at 680Ω/□.  Similar self-activation (acceptor formation) 
implants into Ge was also observed by others [4,5].  At an RTA 
temperature of 450oC the self-amorphizing BF2 implant was 
fully activated by SPE (solid phase epitaxy).  B required 
temperatures >600oC for full activation.  But with laser melt 
annealing B deactivation was observed as the Rs increased from 
17Ω/□ at 900oC to 55Ω/□ at 950oC melt anneal.     



 

Fig.1. 4PP Rs versus anneal temperature for B and BF2 implants. 

 Results for Si are as expected in Fig.1 above.  SPE activation 
for BF2 5E14/cm2 was observed at 700oC with an Rs value of 
265Ω/□ with full activation saturation by 900oC and Rs of 
200Ω/□.  B Rs was 700Ω/□ at 700oC and fully activated to 
140Ω/□ by 1000oC.  Increasing the B dose 10x to 5E15/cm2 
reduced Rs to 380Ω/□ at 700oC requiring higher anneal 
temperatures for full B activation above 1050oC and Rs of 
27Ω/□.  With laser melt >1407oC Rs was 22Ω/□.    

 The >10x lower boron dopant Rs in Ge compared to Si over 
the temperature range from 500oC to 800oC is clearly evident in 
Fig.1 and is partially due to the 3-4x higher hole mobility in Ge 
than Si and also higher B dopant solid solubility in Ge at these 
lower temperatures assuming 100% retained implant dose.  But 
Ge laser melt annealing resulted in B deactivation to the 55Ω/□ 
level, similar poor B laser melt activation was also reported by 
Mazzocchi [6] in 2009.   Fig, 2 below plots various B activation 
Rs values versus B implant dose for our results along with the 
results from several others including Impellizzeri [7] and 
Borland [8].  The dot-line is the lowest Rs values for Ge while 
the dash-line is for Si and at low B dose of 1E14/cm2 this 
difference is 2.1x and at the higher dose of 1E16/cm2 is reduced 
to 1.3x possibly reflecting differences in mobility with high 
dopant levels. 

 

Fig.2. Rs versus B implant dose for various activation levels. 

 SRP of the self-activation (acceptor formation) B implant at 
5E15/cm2 (120Ω/□) is shown in Fig.3.  The p-type acceptor 
carrier level is ~1E19/cm3 to a depth of 0.4um with no 
annealing.  Note the increased in B carrier activation with RTA 
annealing temperature but deactivation with laser melt 
annealing.  The SRP absolute carrier density level may not be 
accurate due to resistivity calibration and mobility differences 
between Si and Ge as reported by Clarysse [9] but the trends in 
data are accurate. 

 

Fig.3. SRP of B 5E15/cm2 after RTA annealing and laser melt annealing.  

B. P, As and Sb Implants into Ge and Si and co-implants of 

P+Sb, P+F and P+C into Ge 

Results for phosphorus implant at 2E15/cm2 and 1E16/cm2 

dose and without a surface oxide capping layer are shown in 

Fig.4.  The wafer with exposed Ge surface with 1E16/cm2 P-

implant showed activation saturation after 700oC anneal and 

slight dopant loss after 900oC anneal.  Oh [10] reported about 

100nm loss of Ge from the surface after 600oC RTP annealing 

therefore we added a 500nm PECVD-oxide surface capping 

layer which resulted in the improved P Rs values down to 9Ω/□ 

at 900oC. A surface oxide capping layer was used for all the 

subsequent anneals.  The 2E15/cm2 P-implant reaches full 

dopant activation at 625oC with Rs saturation of 45Ω/□ but 

increased to 55Ω/□ at 900oC. 

 
Fig.4. P Rs versus RTA temperature for 2E15/cm2 and 1E16/cm2 dose and 

without oxide surface caping layer. 

Comparison between P, As and Sb implanted dopants 

at 1E16/cm2 into both Si wafer and 1um Ge-epilayer on Si after 

various RTA anneals are shown in Fig.5 below.  Similar to what 

we observed for B in Fig.1, the Rs values for all three n-type 

dopants were always lower in Ge than in Si over the 

temperature range from 625oC to 900oC by about 5x for P and 

10x for As and Sb.  In Ge over the temperature range 

investigated the solid solubility limit of P is always the highest 

followed by As with Sb being the lowest, this is also for Si. 

Fig.6 includes the results for co-implants of P+Sb, P+C and 

P+F as well as into a Si-cap layer to verify if we also see an 

enhanced n-type dopant activation in Ge with P+Sb as reported 

by Kim [2] and Thareja [11] along with reduced P diffusion 

with P+F or P+C co-implants.  Our Rs results do not show any 

enhanced n-type dopant activation with co-implants, F has no 

effect but C clearly results in higher Rs so the C-implant 

damage creates more acceptors similar to B which compensates 

the P n-type dopants especially at the lower anneal 

temperatures.  Sb co-implants also results in higher Rs with P 

at the higher annealing temperatures.      



 
Fig.5. Rs versus RTA annealing temperatures for P, As and Sb implanted 
dopants into Ge and Si. 

 
Fig.6. Rs versus RTA annealing temperatures for P+Sb, P+C and P+F co-

implants into Ge and Si. 

 Fig. 7 below plots n-type dopant Rs versus implanted 

dose in Si and Ge with the dash line for 100% full dopant 

activation in Si with data from several other reports [6,8,11].  

Some of the Ge-P results were below the n-type Si line so in 

Table II we report the P-SIMS retained dose values in Ge after 

anneal and observed significant P dopant loss even though we 

used an oxide cap suggesting dopant segregation into the oxide 

capping layer.  In some cases only 6% of the P dose was 

retained so replot of Rs versus P-retained dose is shown in 

Fig.8.  The new plot shows P dopant Rs in Ge is actually 4.3x 

to 3.2x lower than in Si and at an n-type doping level of 

5E19/cm3 the electron mobility in Ge is only 2.5x higher than 

in Si so the additional difference could be related to higher P 

dopant solid solubility limit in Ge.    
 

 
Fig.7. Rs versus P-implant dose in Si and Ge. 

 
TableII. SIMS measured P retained dose in Ge after anneal. 

 
Fig.8. Corrected Rs versus P-retained dose in Ge. 

 SRP for the for the As-implant wafers after 625oC and 

900oC RTA anneals are shown in Fig.9 below.  Rapid As 

diffusion is seen in Ge at 900oC and significant deactivation 

with 950oC melt anneal. Si and Ge SIMS revealed a uniform Si 

incorporation level of 10% in the Ge-epilayer after the 950oC 

melt anneal which is the solid solubility level of Si in Ge at that 

temperature.  Similarly SRP results for Sb-implants are shown 

in Fig. 10 below.  Fig. 11 compares P-implant to co-implants of 

P+F and P+C in Ge at 625oC along with the use of a 0.2um Si-

capping layer ontop of the Ge-epi while Fig.12 is for 900oC 

anneal where rapid P-diffusion is observed.  Note that in Fig.11 

with the C co-implant the SRP carrier density level is about 

1E19/cm3 lower than without C co-implant consistent with the 

1E19/cm3 acceptor level created by the B-implant damage 

shown in Fig. 3 which is compensating the n-type dopant 

region.  Also note that with the Si-cap a 900oC anneal can be 

used with minimal P-diffusion in Ge maintaining high P dopant 

activation.  Another benefit of the high temperature 900oC RTA 

anneal is the reduction in Ge-epi threading dislocation 

compared to 625oC as shown in the X-TEMs of Fig.13.   

 
Fig.9. SRP for As-implant 1um Ge-epi wafers after RTA annealing. 



  
Fig.10. SRP for Sb-implant 1um Ge-epi wafers after RTA annealing. 
 

  
Fig.11. SRP for P-implant and co-implant in 1um Ge-epi wafers after 625oC 

RTA annealing. 

 
Fig.12. SRP for P-implant and co-implant in 1um Ge-epi wafers after 900oC 

RTA annealing. 

 
Fig.13. X-TEM of 1um Ge-epi after 625oC, 900oC and 950oC RTA anneal. 

IV. SUMMARY 

 We observed room temperature formation of p-type 
acceptors in Ge from B and C implant damage up to a level of 
120Ω/□ or 1E19/cm3.  This was not observed with a BF2 self-
amorphizing implant.  All n-type implant dopants P, As and Sb 
showed higher dopant activation in Ge than Si for the same 
annealing temperature due to higher mobility and possible 
higher solid solubility limit.  Severe surface dopant loss was 
reduced when using a surface oxide cap prior to annealing but 
dopant segregation into oxide needs to be optimized.  C co-
implant damage created acceptors that compensated the P 
dopant level especially at the lower dose of 2E15/cm2.  Using a 
Si-cap for P implant allows high temperature n-type dopant 
activation with minimal diffusion for shallow n+ Ge junctions 
that can be used for Ge nMOS as proposed by Borland in 2005 
[12,13]. 
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