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The electroplating of copper in high-aspect-ratenthes
and vias is a challenge facing the emerging tedyyobf
copper on-chip interconnect. Super filling, or battup
filling, is currently achieved by the addition ofganic
additives to the electrolyte. However, the monitgriand
control of additives in the electrolyte are diffictasks,
thus an additive-free electrolyte is highly desieab
Bottom-up electroplating can be achieved by coniplpx
the copper ions and reducing it in two steps, tlousing
the electroplating towards the bottom of the trendh
mathematical model, which determines the conditions
under which bottom-up electroplating occurs, isspreed
and experimentally verified.

Uncomplexed Copper: Pinch-Off Formation
Consider a trench with high aspect ration h/a, wheis
the depth and a is the width of the trench., THieong
electrochemical reaction occurs between the metalA
and the wall of the trench:

K
A-M

where A for the case of copper electrodepositiothis
copper ion in solution and M is the electrodepaksidepper
metal. The metal ion diffuses into the trench aedcts
there. The conservation equation for A is:

PA/dx? — (k/D)A =0
where x is the distance from the mouth of the thefkg is
the reaction rate and,s the diffusivity of A. k is related
to the true heterogeneous rate constariykk, = k' /(a/2)
Defining a dimensional coordinate z=x/h, one aidai

fAIdZ - D2 A=0
Where the Thiele modulus is defined ®y = k;h%D,
and represents the ratio of the reaction kinetios t
diffusion. The boundary conditions are: z =0 =A, and
z =1 -dA/dz ®,%(h/a) A. The first boundary condition
implies bulk concentration at the top, while thesd
boundary condition implies that the flux to the tbat
surface is equal to the rate of the electrochennezadtion.
The solution for the distribution of A along thepde of
the trench is obtained (1) and the distribution thé
electrodeposition rate is given by

R=kA= kle(Cl sinh®, z + coshd, Z)
and is presented by the dotted line in Fig. 1, \WI@ris a
constant determined by the boundary conditionsatt be
seen that the electrodeposition is preferred atapef the
trench, resulting in undesirable pinch-off and void
formation.

Complexed Copper: Bottom-Up Super Filling
If the metal ion is complexed now by a ligand, thae
electrodeposition is carried out in two subseqséeps:
ke
A-B

ko
B-M
where A is again the metal ion, B is an intermediat
species (i.e. the ligand-complexed ion) and M is th
electrodeposited metal. The conservation equations
both species A and B are:

d’AldZ% - d2A=0
d’B/dZ - d,°B +®P2A=0

where®,? and®,? are the Thiele parameters for A and B,
respectively ands’ is a mixed Thiele modulus difined by
®,? = kh?/D,, which represents the ratio between the
kinetics of the first reaction and the diffusionf

The following boundary conditions apply: z=0: Ag
B = By and at z=1 -dA/dz @,%/(h/a)A and -dB/dz =
®,%/(h/a)B. The boundary conditions at z=0 imply bulk
concentrations there. The boundary conditions at z=
imply that the reaction rates of A and B are edaaheir
respective diffusion fluxes there.
The analytical solution is obtained (1) and thee raf
electrodeposition along the depth of the trenajivien by:
R,=k,B[C3sinhd,z+Ccoshb, z+Cssinhd,z+Cscoshd, z]
where G, G;, G4, G and G are constants, determined by
the boundary conditions and are functions of thed
Thiele parameters and the aspect ratio h/a. The rat
distribution is presented by the solid line in Figfor the
various Thiele modulus: ®,? =2, ®,> =1 and ®;°=5.
Species B accumulates faster than it can diffuse ou
Consequently, the electrodeposition is preferredthat
bottom, resulting in the desirable super-fillingiom-up).
Recently, super filling was achieved in high aspetio
h/a=5 from specifically complexed copper electi®|yin
the absence of additives, as shown in Fig. 2.
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Fig. 1 Distribution of deposition rate in uncomplexed
(pinched-off) and complexed (super-filling) eledyte.
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Fig. 3 Supper-filling of copper in high aspect ratiowia
from complexed copper sulfate electrolyte.



