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	1. Ion Implantation
Dr U  P Singh
School of Electronics Engineering
singhup@kiit.ac.in
 


	2. * Concentration Profile  is a single-peak function of depth
Ion implantation – History and Advantages
Stopping Mechanism – Nuclear stopping and Electronic Stopping
Range
Implantation Damage
Annealing
Ion Implantation System
 


	3. A gas is  ionized, and the ions are accelerated by a high electric field, and injected
into the target wafer to hundreds of nm depth.
Ion implantation and its history
Typical ion implantation parameters:
Ion: P, As, Sb, B, In, O
Dose: 1011 - 1018 cm-2
Ion energy: 1 - 400 keV
Uniformity and reproducibility: ±1%
Temperature: room temperature
Ion flux: 1012-1014 cm-2s-1
• The idea was proposed by Shockley in 1954, but used for mass production only after
late 1970s.
• Before ion implantation, doping is achieved by diffusion into the bulk silicon from
gaseous source above surface, or pre-deposited chemical source on wafer surface.
• This approach lacks the flexibility and control required by CMOS processing, and ion
implantation quickly gained popularity for the introduction of dopant atoms.
• Modern ion implanters were originally developed from particle accelerator technology.
Their energy range spans 100eV to several MeV (a few nm’s to several microns in depth
range). The implantation is always followed by a thermal activation (600-1100oC).
3
 


	4. • Ion implantation  is a low-temperature technique for the
introduction of impurities (dopants) into semiconductors and
offers more flexibility than diffusion
• Dopant atoms are volatilized, ionized, accelerated, mass
selected, and directed at the wafer
• The atoms enter the crystal lattice, collide with the host
atoms, lose energy, and finally come to rest at some depth
within the solid
• Ion implantation energies range from several hundred to
several million electron volts, resulting in ion distributions with
average depths from < 10 nm to 10 μm
• Doses range from 1011atoms/cm2 for threshold adjustment to
1018atoms/cm2 for buried dielectric formation
Ion Implantation
 


	5. Advantages of Ion  Implantation
• Precise control of dose and depth profile
Assuming a current sensitivity of nA, and a minimum required implantation time of 10
seconds, it can be shown that doses as low as 1011cm-2, can be measured.
• Low-temp. process (can use photoresist as mask)
• Wide selection of masking materials
e.g. photoresist, oxide, poly-Si, metal
• Less sensitive to surface cleaning procedures
• Excellent lateral dose uniformity
(< 1% variation across 12” wafer)
• Done in high vacuum, it is a very clean process step.
• Besides precise dose control, one can also control the profile
(peak depth and spread range) better than diffusion (peak
concentration always near surface).
• Very fast (6" wafer can take as little as 6 seconds for a moderate dose)
• Complex profiles can be achieved by multi-energy implants.
 


	6. Disadvantage:
• Very expensive  equipment.
• At high dose values, throughput is less than diffusion (chemical
source pre-deposition on surface).
• Ions damage the semiconductor lattice. Not all the damage can
be corrected by annealing.
• Very shallow and very deep doping are difficult or impossible.
• Masking materials can be “knocked” into the wafer creating
unwanted impurities, or even destroying the quality of the
interface.
 


	7. 7
Ion Implantation, Phosphorus
Poly  Si
n+
P-type Silicon
n+
SiO2
P+
 



	9. (1) Range and  profile shape depends on the ion energy
(for a particular ion/substrate combination)
(2) Height (i.e. concentration) of profile depends on the
implantation dose
(3) Mask layer thickness can block ion penetration
 



	11. Implantation Dose
  


	12. The implant dose   is the number of ions implanted per unit area (cm2) of the wafer.
If a beam current I is scanned for a time t , the total implanted charge Q = ( I x t ).
For a dose  ,the total number of implanted ions is (Scan area As x  ). Since
each ion is singly positively charged, this corresponds to a total charge of (q x
As x  ).
 


	13. Ion Stopping •  Implanted ions undergo a
series of collisions with the host
atoms until they finally stop at
some depth
•The initial ion energy, typically
several tens of keV, is much
higher than lattice binding
energies
•The ion scattering process can
be simulated based on elastic
collisions between pairs of
nuclei while ignoring the
relatively weak lattice forces.
•The second component of
scattering comes from inelastic
collisions with electrons in the
target.
Monte Carlo calculation of 128 ion
tracks for 50keV B implanted on Si.
 


	14. The total stopping  power S of the target, defined by the energy loss
(E) per unit path length (x) of the ion, is
Nuclear and electronic component of the ion
stopping power as a function of ion velocity
Stotal = Sn + Se
The stopping power of the
target is the loss of energy
per unit distance - dE/dx.
 


	15. • Collision with  nuclei of the lattice atoms
• Dislodging of the target nuclei from their original sites
(The interaction may be strong enough to displace the Si atom from
its site ( only 15 eV needed to displace one Si atom ).
• The displaced Si atom may even have enough kinetic energy to
displace several other Si atoms.
• Scattered significantly
• Causes crystal structure damage. (when the implant dose exceeds
5E13/cm2 ).
• Arsenic and Phosphorous ions lose their energy mostly by nuclear
stopping.
 


	16. •Collision with electrons  of the lattice atoms (both bound and free electrons)
•Incident ion path is almost unchanged
•Energy transfer is very small
•Crystal structure damage is negligible.
• Boron ions lose their energy mostly by electronic stopping.
 


	17. 17
Stopping Mechanisms
Random Collisions
(S=Sn+Se)
Channeling
(SSe)
Back  Scattering (SSn)
Ion
 


	18. Nuclear Stopping
  







	24. • Far from  the mask edge, the lateral motion can be ignored,
and n(x), the ion concentration at depth x, can be written as:
where no is the peak concentration, Rp is the projected
range, and σp is the standard deviation. This is the
Gaussian distribution.
 


	25. • Rp= projected  range, is a function of ion energy and mass, and atomic
number of impurity as well as target material.
• Rp = straggle = standard deviation.
• No = peak concentration at x=Rp.
• Dose Q=N(x)dx=(2)1/2No Rp.
Np in diagram is No
 


	26. 26
0.010
0.100
1.000
10 100 1000
Implantation  Energy (keV)
Projected
Range
(mm)
B
P
As
Sb
Projected Range in Silicon
 


	27. Projection range (depth)  and straggle (standard
deviation)
Mi and Mt are the masses
for incident and target ion.
27
 


	28. Example
28
The implanted dose  is given by Q (Number/area)
 


	29. Junction depth in  Si
Junction formation by impurity
implantation. Two pn junctions
are formed at xj1 and xj2.
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Implant into Si already doped at NB.
E.g. implant P into B-doped Si.
P: n-type doping; B: p-type.
29
 


	30. x
  



	32. Example calculations
32
  






	37. 37
Implantation Processes: Channeling
•  If the incident angle is right, ion can travel long
distance without collision with lattice atoms
• It causes uncontrollable dopant profile
Very few collisions
Lots of collisions
 


	38. For ions moving  in certain
directions in a crystalline
material, there are long-
range open spaces through
which the ions travel
without significant
scattering
Channeling
 


	39. Origin : the  crystalline nature of the host substrate
Relative degree of openness of the silicon crystal for ions moving
in <111>, <100> and <110> directions
 


	40. 40
Channeling Effect
Channeling Ion
Collisional  Ion
Lattice Atoms
q
Wafer
Surface
 


	41. Ion A is  well aligned with a
channel and so suffers only
glancing collisions with the walls
as it travels far into the lattice
•Ion B is scattered into a
channel after a short distance
•Ion C is not channeled and
undergoes random collisions
with lattice atoms
 


	42. 42
Post-collision Channeling
Collisional
q
Wafer
Surface
Collisional
Channeling
  



	44. 44
Post-collision Channeling
Collisional Collisional
Channeling
Dopant
Concentration
Distance  from surface
 


	45. 45
Implantation Processes: Channeling
•  Ways to avoid channeling effect
– Tilt wafer, 7° is most commonly used
– Screen oxide
– Pre-amorphous implantation,
(Implanting heavy, but electrically inactive species like Si or Ar prior to the actual
dopant implant. The pre-implant implant turns the wafer surface into an
amorphous layer.)
• Shadowing effect
– Ion blocked by structures
• Rotate wafer and post-implantation diffusion
 



	47. 47
Shadowing Effect
Polysilicon
Substrate
Doped Region
Shadowed  Region
Ion Beam
 


	48. 48
Shadowing Effect
Polysilicon
Substrate
Doped Region
After  Annealing and Diffusion
 


	49. 49
Q & A
•  Why don’t people use channeling effect to create deep
junction without high ion energy?
• Ion beam is not perfectly parallel. Many ions will start to
have a lot of nuclear collisions with lattice atoms after
they penetrating into the substrate. Some ions can
channel deep into the substrate, while many others are
stopped as the normal Gaussian distribution.
 


	50. 50
Damage Process
• Implanted  ions transfer energy to lattice atoms
– Atoms to break free
• Freed atoms collide with other lattice atoms
– Free more lattice atoms
– Damage continues until all freed atoms stop
• One energetic ion can cause thousands of
displacements of lattice atoms
 


	51. 51
Lattice Damage With  One Ion
Heavy Ion
Single Crystal Silicon
Damaged Region
Light Ion
 


	52. 52
Implantation Processes: Damage
•  Ion collides with lattice atoms and knock them out
of lattice grid
• Implant area on substrate becomes amorphous
structure
Before Implantation After Implantation
 


	53. 53
Implantation Processes: Anneal
•  Dopant atom must in single crystal structure and
bond with four silicon atoms to be activated as
donor (N-type) or acceptor (P-type)
• Thermal energy from high temperature helps
amorphous atoms to recover single crystal
structure.
 


	54. Goals:
• Remove primary  damage created by the implant and
activate the dopants.
• Restore silicon lattice to its perfect crystalline state.
• Restore the electron and hole mobility.
• Do this without appreciable dopant redistribution.
• Bulk and surface recombination take place on a short
time scale.
• The origin of the interstitial type defects is from the
extra dopant atom introduced into the lattice.
 


	55. 55
Thermal Annealing
Dopant Atom
Lattice  Atoms
 


	56. 56
Thermal Annealing
Dopant Atom
Lattice  Atoms
 


	57. 57
Thermal Annealing
Dopant Atom
Lattice  Atoms
 


	58. 58
Thermal Annealing
Dopant Atom
Lattice  Atoms
 


	59. 59
Thermal Annealing
Dopant Atom
Lattice  Atoms
 


	60. 60
Thermal Annealing
Dopant Atom
Lattice  Atoms
 


	61. 61
Thermal Annealing
Dopant Atom
Lattice  Atoms
 


	62. 62
Thermal Annealing
Dopant Atoms
Lattice  Atoms
 


	63. 63
Implantation Processes: Annealing
Before  Annealing After Annealing
 


	64. 64
Rapid Thermal Annealing  (RTA)
• At high temperature, annealing out pace diffusion
• Rapid thermal process (RTP) is widely used for
post-implantation anneal
• RTA is fast (less than a minute), better WTW
uniformity, better thermal budget control, and
minimized the dopant diffusion
 


	65. 65
RTP and Furnace  Annealing
Poly Si
Si
RTP Annealing Furnace Annealing
Poly Si
Si
Gate
SiO2
Source/Drain
Gate
 


	66. A 30-KeV implant  of B11 is done into a bare silicon
The dose is 1012cm-2
(a) What is the depth of peak of implanted profile?
(b) What is the concentration at this depth?
(c) what is the concentration at depth of 3000Ao?
 



	68. 68
Comparison of
Implantation and  Diffusion
PR
SiO2
Si Si
Ion implantation
Diffusion
Doped region
Junction depth
 


	69. 69
Comparison of
Implantation and  Diffusion
Diffusion Ion Implantation
High temperature, hard mask Low temperature, photoresist mask
Isotropic dopant profile Anisotropic dopant profile
Cannot independently control of the dopant
concentration and junction depth
Can independently control of the dopant
concentration and junction depth
Batch process Both Batch and single wafer process
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