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Cu-Mn alloy for LSI interconnect

CuTa

Conventional Ta barrier

SiO2

Ta

Self-forming barrier with Cu-Mn
♦ Lower material cost♦ Lower material cost
♦ Less process steps

♦ L ff ti i t♦ Low effective resistance
♦ Better adhesion
♦ Excellent diffusion barrier

Only 2 nm!

♦ Better SM, EM reliability

Usui et al., IEEE Electron Devices (2006)



Stress Temp =225℃

SM reliability （tmax.=1225 h）

Stress Temp.=225℃

Cu/Ta Cu-Mn
Dependence of M2 width
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No stress-migration failure with Cu-Mn



325°C 1 MA/ 2

EM reliability （tmax.=1000 h）

325°C, 1 MA/cm2
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Good EM resistance may be due to y
(1) the absence of the via-bottom barrier and
(2) the slow diffusivity at Cu/barrier interface.



Contents

1 R i ti it d ti b t l id ti f M

Contents

1.  Resistivity reduction by external oxidation of Mn

2 L ith i th f th b i l2.  Logarithmic growth of the barrier layer

3 Whi h id f th i t f ?3. Which side of the interface?
Are we to worry about R or C?

(1) C M TEOS SiO(1) Cu-Mn on TEOS-SiO2

(2) Cu-Mn on BD-I

4. CVD-MnOx for future technology node



Removal of Mn by selective external oxidation
Iiji l J V S i T h B 2 1963 (2009)Iijima et al., J. Vac. Sci. Tech. B 27, 1963 (2009)

Whether Mn  is oxidized internally or externally depends on
NO : oxygen solubility in Cu-Mn matrix  (proportional to √PO2)O yg y (p p √ O2)

DO : diffusivity of oxygen

NMn: concentration of Mn NM DM > N D
DMn : diffusivity of Mn

NMn DMn > No Do



U-shape PO2 dependence of resistivity
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The optimum PO2 increases with increasing Mn concentration.



Resistivity reduction by external oxidation.

3

ρ/
ρ 0

250 OC  15.7μΩcm1

/ ρ
/ρ

0
PO2 = 1 PaPO2 = 10-3 Pa 

1

2

vi
ty

 c
ha

ng
e 

/ 

130 OC  6.7μΩcm130 OC  6.7μΩcm

180 OC  6.4μΩcm0.5

iv
ity

 c
ha

ng
e 

/

300 oC 3.1μΩcm

0 1000 2000 3000 40000

1

Annealing time /  sec

Re
si

st
iv

0 1000 2000 3000 4000 5000 60000
Annealing time / sec

R
es

is
ti 350 oC

2.0μΩcm

gAnnealing time /  sec

E t l id tiExternal oxidation
with surface protective layer

Internal oxidation



MnOx thickness is correlated with resistivity reduction.
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Low resistivity can be obtained by external oxidation of MnLow resistivity can be obtained by external oxidation of Mn.
Optimum conditions:  PO2 ~ 10-3 Pa and T > 350 oC.
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Growth behavior of the MnOx barrier layer 

Temperature Dependence Concentration Dependence
Ta/Cu-10at.%Mn/SiO2 at 450 oC for 30 min.

H d t l APL 90 252107 (2007)

Self-limiting growth behavior of the barrier layer
Haneda et al. APL, 90, 252107 (2007)



Logarithmic Growth Rate Law

8 P b li （hi h T）

Controllable in the 2 to 7 nm range

8

7

m 450 oC x2=k･t
Parabolic （high T）

6

5

ss
, x

/ n
m

3 k t
Cubic （medium T）

4

3hi
ck

ne
s

350 oC
Logarithmic（low T）

x3=k･t

2

1ar
rie

r t
h

250 oC
x=k･logt + C

1

0
0 1 1 10 100 1000

B

Enhanced growth under the electric 
field produced by electron tunneling0.1 1 10 100 1000

Time, t / h
field produced by electron tunneling

Fehlner and Mott, 1970



Field-enhanced growth and self-limiting behavior
A low temp oxidation model by Cabrera and MottA low-temp. oxidation model by Cabrera and Mott

Cu-Mn 
alloy

oxide

Mn+α oxidation (electron removal from metal)

electron tunneling (Mn ionization)oxide 
barrier

electron tunneling (Mn ionization)

Formation of electric field
ΔΦ

SiO2 e-

Field-enhanced diffusion
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Variation of Mn valence states in the barrier layer
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Otsuka et al., APL 96, 012101 (2010)

4.0

5.0

o

Mn2+
Reg. 1

3.0

/ I
2

ra
tio

M 3+

Reg. 2

Reg. 3

Reg 4

2.0

Reg.2 Reg.3 Reg.4
I 3 Mn3+Reg. 4

Reg. 5

1.0

0.0 2.0 4.0 6.0 8.0

Distance (nm)Distance (nm)

5nm

Distance (nm)

Mn in Cu-Mn is 2+.           Presence of the ionized Mn



Graded structure and composition in the barrier layer
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As a series capacitor, an expected k=10.2
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Growth of the self-forming barrier by annealing
▶ Quartz mask pattern size : 100 µm / 100 µm Chung et al▶ Quartz mask pattern size : 100 µm / 100 µm

TEOS-SiO2 / p-type Si substrate

Annealing condition: 450℃ for 30 min, 5 hr and 100 hr

Chung et al.,
J. Vac. Sci. Tech. B27, L28 (2009)

30 i 5 h 100 hr

Annealing condition: 450℃ for 30 min, 5 hr and 100 hr
(under high vacuum condition)

30 min 5 hr 100 hr

Cu-Mn

SiO2
Barrier layerSiO2

The thickness of the barrier layer increases with increasing annealing timeThe thickness of the barrier layer increases with increasing annealing timeThe thickness of the barrier layer increases with increasing annealing time.The thickness of the barrier layer increases with increasing annealing time.



C-V curve after annealing

Annealing condition: 450℃ for 30 min, 5 hr and 100 hr
(under high vacuum condition)

0 5 h0.5 h

5 h
0.5 h

100 h
0.5 h
5 h100 h

N V hift t 5 h @ 450 oCN V hift t 5 h @ 450 oCNo Vfb shift up to 5 h @ 450 oC.
Vfb shift and C-V stretching after 100 h. (see SIMS)
No Vfb shift up to 5 h @ 450 oC.
Vfb shift and C-V stretching after 100 h. (see SIMS)



k-value of dielectric and barrier layers
450℃ f 30 i 5 h d 100 h▶ Annealing condition: 450℃ for 30 min, 5 hr and 100 hr

(under high vacuum condition)

TEOS & Barrier T t l di l t i l

Thickness of TEOS & barrier k-value of dielectric layer

TEOS & Barrier Total dielectric layer
(TEOS & Barrier) 

TEOS Barrier 

Barrier 

The barrier layer is formed on the SiO2 sideThe barrier layer is formed on the SiO2 sideThe barrier layer is formed on the SiO2 side.
The k-value of the barrier layer is 5 to 11.
The barrier layer is formed on the SiO2 side.
The k-value of the barrier layer is 5 to 11.
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Self-forming barrier on BD-I
Preannealing at 400 oC for 0 5 h Post annealing at 300 oC for 0 5 h

SiOC & Barrier

No pre-annealed pre-annealed

Preannealing at 400 C for 0.5 h            Post annealing at 300 C for 0.5 h

Cu
SiOC

SiOC & Barrier 

SiOC & Barrier 

Cu Barrier 

Barrier 
SiOC

N P l dNo Pre-annealed

k-value (BD1 &barrier)

Pre-annealed

The barrier is formed at the expense of BD-I.



Where are we on the ITRS 2007 road map?

Interlevel metal insulator Barrier thickness for 
effective dielectric constant Cu Metal wiring

Our result 

Our result 

The k value is in the acceptable rangeThe k value is in the acceptable range.
The thickness is thinner than the target values.



▶ L k t ft TS f 0 5 h

TS and BTS reliability of Cu-Mn on BD-I
▶ Leakage current after TS for 0.5 h

Measured at 4 MV/cm Measured at 7 MV/cm Breakdown V

(X) (X)(X)

(X)

(X) (X)

▶ VFB shift & Cu ion concentration after BTS at 1 MV/cm for 10 min.
Difference of VFB Cu ion concentration

Cu/Ta 
Cu/Ta 

FB Cu ion concentration

Cu 

Cu-Mn

Cu 

Cu MnCu Mn Cu-Mn 
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Breaking the Physical Limit of Moore’s Law

CVD deposition of barrier and Cu MnOx/SiO2/p-Si

MnOx

TEOS

Neishi et al., APL 93, 032106 (2009)
Matsumoto et al., APEX 2, 036503 (2009)

MnOx
E ll t

, , ( )

SiO2
SiO2

Excellent coverage

25 nmSi
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 Experimental data
Pyrolytic corbon

Film growth by substrate reaction or by pyrolysis
40 Cu/MnOx(500oC)/SiO2/Si

 Cu/MnOx(400oC)/SiO2/Si

 Cu/MnOx(100oC)/SiO2/Si
SiO /Si
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At 500oC, the carbon content is catastrophically
increased due to increased pyrolysis, leading to
poor adhesion with Cu.



Results of Scotch tape test (adhesion property)

PVD-Cu/CVD-MnOx/SiO2/Si

100 oC 200 oC 300 oC 400 oC
Deposition

temp.
condition

As-deposited No 
peel

No 
peel

No 
peel

peel

Annealed at
400 oC for 100 h.

No 
peel

No 
peel

No 
peel

peel

Good adhesion property of MnOx layer below 300 oC 



C-V curves after heat treatment for 1 h
As deposited or
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C-V curves after BTA for 40 min.
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The sign of Cu diffusion after BTA at 3 MV/cm at 550K for 40 min.
Small  VFB shift  indicates a good barrier property of MnO.
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1 R i ti it d ti b t l id ti f M

Summary

1.  Resistivity reduction by external oxidation of Mn

2 L ith i th f th b i l2.  Logarithmic growth of the barrier layer

3 B i f ti th di l t i id f th i t f3. Barrier formation on the dielectric side of the interface.
(1) Larger keff on TEOS-SiO2

(2) S ll k BD I(2) Smaller keff on BD-I

4 CVD MnO for f t re technolog node4. CVD-MnOx for future technology node


