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	  Comparison	  of	  MWA	  &	  RTA:	  Ac*va*on	  &	  SPE	  
	  Experimental	  details:	  Implants,	  MWA,	  RTA	  
	  Results:	  SIMS,	  TEM,	  Rsheet,	  XRD	  
	  Summary	  



9.35	  GHz	  

T.	  Sameshima	  et	  al.	  

p-‐Si	  

What	  is	  different	  about	  MWA	  ?	  

5	  currentsci@aol.com	  

Light Wavelength Frequency Photon Energy
uv 10-400 nm 30 PHz - 750 THz 124 - 3 eV

visible 400-750  nm 750 - 400 THz 3.2 - 1.7 eV
IR 750 nm - 1 mm 400 THz - 300 GHz 1.7 eV - 1.24 meV
uW 1 mm - 1 m 300 GHz - 300 MHz 1.24 meV - 1.24 ueV

radio 1 -105 m 300 MHz - 3 Hz 1.24 ueV -12.4 feV

• 	  u-‐wave	  light	  has	  photon	  energies	  far	  below	  Egap	  (Si):	  	  no	  carrier	  crea8on.	  

• 	  	  u-‐wave	  light	  is	  absorbed	  by	  free	  carriers	  
with	  Ohmic	  hea8ng.	  

• 	  	  u-‐wave	  hea8ng	  (phonon	  genera8on)	  
	  	  from	  dipole	  excita8ons,	  etc.	  

• “coherent”	  excita8on	  (non-‐thermal)	  	  
	  reported	  in	  ceramics,	  chemicals,	  etc.	  	  



MWA	  Hea*ng	  
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Micro-‐wave	  Anneal	  Chamber:	  
	  3	  to	  5	  magnetrons	  
	  5.8	  GHz	  
	  Chamber	  tuned	  to	  minimize	  sta8c	  modes	  
	  Pyrometer	  temperature	  sensor	  
	   	  (line	  of	  sight	  to	  wafer	  center	  bolom)	  

Wafer	  temperature	  depends	  on:	  
	  Magnetron	  power	  
	  Power-‐on	  8me	  period	  
	  Loca8on	  of	  Si	  and	  Quartz	  susceptor	  wafers	  

Typical	  maximum	  wafer	  temperature:	  
	  350	  to	  500	  C	  	  (≈300	  s)	  
	  Minimal	  dopant	  diffusion	  

 

 
Fig. 5. The SIMS profiles of P concentration at a dose of 5!1015 
ions/cm2. The P distribution after the RTA over 800 ºC shows deeper 
dopant diffusion, while the MWA resulted in no significantly dopant 
diffusion. 
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MWA	  vs	  RTA:	  Dopant	  Ac*va*on	  Rate	  
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RTA	  
RTA	   RTA	  

MWA	   MWA	   MWA	  

MWA	  ac8vates	  P,	  As	  and	  BF2	  implants	  at	  ≈450	  C.	  	  	  

RTA	  ac8vates	  dopants	  at	  ≈570	  C.	  

Implica8on:	  c-‐Si	  re-‐growth	  (SPE)	  occurs	  faster	  and	  at	  lower
	  	  temperatures	  for	  MWA	  than	  RTA.	  

Y.J.	  Lee	  et	  al.,	  IIT12	  



MWA	  vs	  RTA:	  	  re-‐growth	  kine*cs	  
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c-‐Si	  re-‐growth	  (SPE)	  rates	  	  
measured	  for	  P	  and	  As	  implants	  
are	  ≈103	  &mes	  faster	  for	  MWA	  at	  
≈450	  C	  than	  thermal	  rates.	  

HSUEH et al.: AMORPHOUS-LAYER REGROWTH OF Si BY MICROWAVE ANNEALING 2091

Fig. 5. Cross-sectional TEM pictures for As at 20 keV with 1 ×
1015 ion/cm−2 of (a) as implanted, (b) 50 s, (c) 75 s, and (d) 100 s.

Fig. 6. Amorphous-layer thickness, as measured by TEM, for As- and
P-implanted layers for microwave anneal times of less than 100 s.

may be related to an increase in the reflection of the microwave
power by the doped surface layer as the surface conductivity is
increased by the anneal process.

The average magnitudes of Rs for all the splits after the
microwave annealing process were summarized in Fig. 7(a) and
Fig. 7(b) for P- and As-implanted samples, respectively. For
the P implants, Fig. 7(a), with a dose of 5 × 1015 ion/cm2, the
Rs could be reduced from 105 to 88.2 Ω/sq as the microwave
annealing time was increased from 100 to 300 s, well after
the SPER process is complete. However, for longer annealing
times, from 300 to 600 s, Rs was increased from 88.2 to
91.2 Ω/sq, with 4% dopant deactivation occurred. The 6 × 100 s
anneals (with a peak temperature of 430 ◦C) and the higher
dose P implants resulted in similar Rs values at 100 and 300 s
and less dopant deactivation at 600-s total time than the “single-
shot” (and higher peak temperature) 600-s anneal. The higher
dose As implants resulted in more complex Rs trends, with
lower Rs values for the “single-shot” 300- and 600-s anneals
than the 6 × 100-s cycles, which continued to decrease out to
the sixth cycle. The 600-s anneal case for the high-dose As re-
sulted in a 7.7% higher Rs than the 300-s anneal, again indicat-
ing some degree of dopant deactivation for longer anneal times.

For both P and As implants at lower (1 × 1015 ion/cm2)
doses, the Rs values did not show any strong variations for

Fig. 7. Sheet resistance (Rs) of all splits for (a) P and (b) As by low-
temperature microwave annealing process.

anneal times between 100 and 600 s. For the As case, the lower
dose Rs value was higher (≈172 Ω/sq) than the higher dose
values for the single-shot 300- and 600-s anneal but lower than
the trend for the higher dose 6 × 100-s cycles.

The definition of Rs is given as follows [13]:

Rs = 1/[uave ∗ N ∗ q]

where
uave average carrier mobility (in square centimeters per

volt-second);
N active carrier dose (in carriers per square centimeters);
E electron charge.
The average mobility uave depends on the carrier and scatter

defect concentrations in the junction. Therefore, Rs magnitude
after low-temperature microwave annealing process was deter-
mined by the implant dose and SPEG process.

In Fig. 7(b), the Rs of As-implanted samples with a dose of
5 × 1015 ion/cm2 could be reduced from 236.2 to 131.8 Ω/sq
as the microwave annealing time was carried out from 100 to
300 s. However, as the microwave annealing time was increased
from 300 to 600 s, the Rs increased from 131.8 to 145 Ω/sq,
implying that a 10% dopant deactivation occurred.

In contrast to the results of P-implanted samples, the Rs of
As-implanted samples with a dose of 5 × 1015 ion/cm2 was

F.K.	  Hsueh	  et	  al.,	  IEEE	  Trans	  Electron	  Dev.	  58	  (2011)	  2088.	  
!

v(cm/s)	  =	  (3.68x108	  cm/s)*e-‐[2.76	  eV/kT]	  
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Experimental	  Condi*ons:	  strained	  nMOS	  
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Implants:	  (Nissin	  CLARIS)	  
	  C7H7

+	  

	  10	  keV	  /	  3e15	  C/cm2,	  
	  6	  keV	  /	  8e14	  C/cm2,	  
	  2	  keV	  /	  6e14	  C/cm2	  	  

and	  
P+	  

	  15	  keV	  /	  4e15	  P/cm2	  

Anneals:	  
MWA:	  	  (DSG	  AXOM-‐300)	  

	  3	  or	  5	  Magnetrons,	  600s	  
	  30	  min	  N2	  chamber	  purge	  

RTA:	  	  (AllWin	  810)	  
	  600,	  750,	  900	  C,	  30s	  
	  and	  1000	  C,	  10s	  

SIMS:	  C	  

α-‐Si	  

C7	  implants	  



Damage	  Recovery:	  C7H7	  Implants	  
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Si(100)	   C7	  implanted	  

44.5	  nm	   43.4	  nm	  

Si(100)	  

MWA:	  3P	  600	  s	  

28	  nm	  

Si(100)	  

2x	  MWA:	  3P	  600	  s	  

27.3	  nm	  

MWA:	  5P	  600	  s	   RTA:	  1000	  C,	  10	  s	  

MWA	  at	  3P	  600s	  re-‐grows	  ≈1/3	  of	  a-‐Si	  layer.	  	  	  MWA	  at	  5P	  600s	  re-‐grows	  all	  a-‐Si.	  

Both	  MWA	  and	  RTA	  leave	  dense	  “twin-‐like”	  disloca8ons	  near	  surface	  
(at	  regions	  of	  high	  C	  (1021	  C/cm3)	  concentra8ons).	  



Carbon	  Strain:	  C7H7	  implants,	  XRD	  
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!

Si(100):	  
	  Both	  MWA	  (480	  -‐510	  C,	  600	  s)	  	  

and	  RTA	  (900-‐1000	  C,	  10	  s)	  result	  in	  
high	  (≈1.5%)	  subs8tu8onal	  C	  content.	  	  

Si(110):	  
	  MWA	  (480	  -‐510	  C,	  600	  s)	  	  gives	  

lower	  Csub	  	  (0.78-‐0.99%)	  content	  
than	  Si(100).	  

	  RTA	  (1000	  C,	  10	  s)	  results	  in	  low
(<0.3%)	  subs8tu8onal	  C	  content.	  	  



C7H7	  &	  P	  implants:	  SIMS,	  TEM	  
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!"#$%&'()(*()(+,-(./*(011$2(

C7	  &	  P:	  MWA	  5P	  600s	  

!

!

! !

C7	  &	  P:	  RTA	  1000C	  10s	  

Si(100)	   Si(100)	  

SIMS:	  P	  
	  No	  substan8al	  P	  diffusion	  for	  MWA.	  

	  Some	  P	  diffusion	  for	  RTA	  1000	  C	  10	  s.	  

TEM:	  
Dense	  twin-‐like	  disloca8ons	  
seen	  near	  surface	  (high	  C	  
content)	  in	  both	  MTA	  &	  RTA.	  	  

!

MWA	  
RTA	  



Carbon	  Strain:	  C7H7	  &	  P	  implants,	  XRD	  
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Fig. 6. (a) In-plane XRD curves for C7H7
+ implanted and phosphorus samples with 

[C]sub after the all anneal conditions: RTA 1000 oC for 10 s, MWA three and five 

magnetrons anneal for 600s at orientation (100) silicon substrate. (b) is the same 

condition at (110) silicon substrate.  

Si(100):	  
	  MWA	  (480	  -‐510	  C,	  600	  s)	  with	  C7	  

&	  P	  implants	  has	  lower	  (1.15-‐1.3%)	  
Csub	  than	  C7	  alone	  (≈1.5%).	  

	  RTA	  (1,000	  C,	  10	  s)	  give	  only	  low
(<0.3%)	  subs8tu8onal	  C	  content.	  	  

Si(110):	  
	  MWA	  (480	  -‐510	  C,	  600	  s)	  	  gives	  

lower	  Csub	  	  (≈0.8%)	  content	  than	  Si
(100).	  

	  RTA	  (1000	  C,	  10	  s)	  results	  in	  low
(<0.3%)	  subs8tu8onal	  C	  content.	  	  
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C7	  &	  P	  implants:	  	  Csub	  &	  Sheet	  Resistance	  
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!Separate	  MWA	  aier	  each	  implant	  
gives	  high	  Csub	  (1.44%).	  

RTA	  gives	  lower	  Rsheet,	  but	  poor	  	  
Csub	  >600	  C.	  



Extra	  Anneals:	  C7	  &	  P	  implants,	  XRD	  
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! "#!

 

 

Fig. 9. (a) In-plane XRD curves for the [C]sub after extra anneal conditions: RTA 

600oC for 30s, RTA 750 oC for 30s, RTA 900 oC for 30 s, and MWA three 

magnetrons anneal for 600s at sample B. (b) is the same condition at sample E. 

With	  a	  single	  MWA	  aaer	  C7	  &	  P	  implants,	  

	  *	  Addi8onal	  MWA	  keeps	  Csub	  at	  ≈1.2%	  

	  *	  RTA	  anneal	  >600	  C	  reduces	  Csub.	  
	  Csub	  is	  very	  low	  aier	  RTA	  900	  C.	  

With	  a	  separate	  MWA	  aaer	  each	  C7	  &	  P	  implant,	  

	  *	  Addi8onal	  MWA	  reduces	  Csub	  from	  ≈1.4%	  	  	  
	  to	  ≈1.2%.	  

	  *	  RTA	  anneal	  >600	  C	  reduces	  Csub.	  
	  Csub	  is	  very	  low	  aier	  RTA	  900	  C.	  



Summary	  
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1.  MWA	  (≈500	  C)	  is	  more	  effec*ve	  than	  RTA	  (600-‐1000	  C)	  
for	  realizing	  high	  C	  strain	  and	  P	  ac*va*on	  for	  shallow	  
junc*on	  (nMOS	  SDE)	  forma*on.	  

2.   Si(100)	  much	  befer	  than	  Si(110)	  for	  α-‐Si	  re-‐growth.	  

3.   Dense	  twin-‐like	  disloca*ons	  seen	  near	  junc*on	  surfaces	  
at	  high	  C	  concentra*ons	  for	  both	  MWA	  &	  RTA.	  	  

4.   Addi*onal	  RTA	  anneals	  >600	  C	  result	  in	  lower	  Rsheet	  
(diffusion)	  but	  loss	  of	  C	  strain	  (Csub).	  
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