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ABSTRACT 

During sputter deposition of metal layers bulges at 
sharp convex corners can arise and are observed after 
metalization of contact holes for semiconductor circuits. 
We present an explanation of this phenomenon by as­
suming that in process steps prior to the deposition a 
ledge is formed . This assumption together with the 
choice of an appropriate model for the distribution of 
the incident particles explains the evolution of the re­
sulting film profile including the bulge at the topmost 
convex corner of the structure. The profile is simulated 
for several positions on the wafer. The variation of bulge 
shape and film thickness depending on the orientation 
of the sidewalls for the peripheral positions is repro­
duced. We investigate the geometry and particle flux 
conditions and show simulation results for different ge­
ometries contact hole diameters, aspect ratios and an-' . gles of incidence. Simulation results are compared with 
SEM pictures obtained from experiments. 
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INTRODUCTION 

In current integrated circuits technology thin barrier 
layers are used to improve and to optimize the proper­
ties of contacts, vias and interconnect structures. The 
knowledge about film thicknesses which vary with pro­
cess parameters and with the topography of the applied 
structures, and the achievement of good film confor­
mality and step coverage are the most important tasks 
for choosing an appropriate deposition technique. Some 
Chemical Vapor Deposition (CVD) techniques are avail­
able at research and development level [l], but could not 
yet supersede the well established Physical Vapor D~po­
sition (PVD) processes such as magnetron sputtermg, 
which allow a reasonable throughput and a good control 
of the film stoichiometry. Approaches with collimated 
sputtering of titanium and titanium nitride films [2] im­
prove bottom coverage, but are doubtful in sidewall cov­
erage and questionable due to costs of consumable parts 
and particle contents. However, to overcome the draw-
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back of worse conformality at extreme topographies with 
high aspect ratios arising from the line of sight type 
sputter deposition, it is necessary to carefully investi­
gate the actual deposition techniques and extend them 
to the limit of their applicability. 

Simulation of deposition processes gives a deeper in­
sight into the geometry and particle distribution condi­
tions. In this article we describe the deposition simula­
tion of titanium nitride (TiN) layers. The simulations 
are performed for several contact hole diameters and 
aspect ratios. TiN is chosen because among other mate­
rials, it has been recognized as excellent barrier material 
and is used as nucleation/glue layer at the contact/via 
level as well as a diffusion barrier and anti-reflection 
coating in the interconnect stack [3]. We have cali­
brated an analytical distribution function to a specific 
reactor equipment and compared the simulation results 
with the experimental SEM pictures. Beyond the evolu­
tion of the overall film profile the SEM pictures showed 
the appearance of bulges at the uppermost convex edge 
of the circular shaped contact hole structures. We have 
assumed, that during preliminary processing of the con­
tact holes (layer deposition, mask exposure, resist devel­
opment and etching) a ledge is formed at the topmost 
edge which is responsible for the formation of the bulge 
during the exposition to the particle stream. 

SIMULATION 

For the simulation we use a structuring element al­
gorithm derived from image processing [4]. The geom­
etry is represented by a cellular structure and a mate­
rial index is assigned to each cell. For each surface cell 
the visibility conditions according to the topography are 
determined and the deposition rate vd is calculated by 
vector integration of a given distribution function F(19) 
over the solid angle n visible for the actual position. 

vd = ~ j F(19)dD 

0 

(1) 



In this equation R is the macroscopic deposition rate 
determined by layer thickness at fiat surfaces and depo­
sition time and N is a normalizing factor 

N = J F(i9)d0 (2) 

2rr 

which ensures that for a fiat, unshadowed surface the 
integrated deposition rate equals the macroscopic depo­
sition rate R. This results in an overall deposition vector 
with a length lvdl representing the deposition rate and a 
direction which accounts for the averaged angle of inci­
dence of the particles scattered in the plasma chamber. 
The direction of the deposition vector vd represents the 
growth direction for the considered surface cell. 

GEOMETRIC CONDITIONS FOR 
BULGE FORMATION 

We assume that chemical mechanical polishing (CMP) 
or mask underetching during preliminary process steps 
leads to the formation of a ledge at the top corner. This 
results in a geometry as depicted in Figure 1. The cel­
lular data format used for the simulation can be seen. 

Figure 1: Visibility conditions, schematics of deposition 
rates and resulting profile at ledges. 

When integrating the particle distribution function 
for the surface cells, the visibility limits are as follows. 
For cell A the whole upper hemisphere is visible. Thus 
the integrated deposition rate is the macroscopic rate 
R. At cell B the left half is shadowed. Therefore the 
deposition rate is half the rate of cell A (for the central 
symmetric case) and the main axis of the structuring 
element 'is inclined due to the vector integration of the 
contributing parts. The deposition rate at position C 
is almost zero because the sputter target is completely 
shadowed and only a small fraction of scattered particles 
may arrive at this position. Since towards position D the 
visible solid angle increases again, this effect gives rise to 

Figure 2: Calculated deposition rates and resulting 
cellular structure at a ledge. The depicted area is 
0.3 µm x 0.3 µm wide. 

the lower edge of the bulge. Depending on the distribu­
tion function and on the aspect ratio of the considered 
structure, the deposition rate reaches a maximum be­
tween positions D and E and again decreases towards 
the bottom of the hole. 

Special care has to be taken for cell B to compen­
sate for the abrupt change in the deposition rate. We 
calculate the deposition rate for rotated cells at posi­
tion B for taking into account a microscopic curvature 
of the ledge. With each increment of the rotation angle 
a larger part of the source becomes shadowed and there­
fore the deposition rate decreases. If sufficiently many 
of such rotated cells are considered, the smooth shape 
of the bulge is reconstructed. 

On the right hand side of Figure 1 a schematic of 
the size and the direction of the corresponding struc­
turing elements and the resulting deposition profile are 

320mm 

200mm 

Figure 3: Experimental arrangement and location of the 
simulated structures. 
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;-igure 4: Deposition ofTiN into a 0.3 µm diameter and 0.3 µm deep test structure. The deposition rate is 33.8 nm/min 
md the simulation time is 320 s. The pictures on the top show the resulting profile for a contact hole in the center of 
;he wafer, the pictures at the bottom are simulated at a position 90 mm off the wafer center. For the images on the 
eft no initial ledge is assumed and the resulting profiles on the convex corner are smooth. The input geometries on 
;he right include an initial ledge at the topmost edge and show the formation of a bulge. 

iepicted. The evolution of the film profile at a ledge iso­
ated from the complete structure for a center wafer po­
;ition with a symmetric distribution function is demon­
;trated in Figure 2. For this example, the size of the 
edge is exaggerated to clearly illustrate the simulation 
nodel of the bulge generation. The deposition rate and 
;he final cellular geometry are also visualized in Figure 2. 

PARTICLE DISTRIBUTION MODEL 

The most important factor for the resulting layer 
xofile is modeling and calibration of the particle flux. 
We approximate the distribution of particles arriving 
:i.t the wafer surface by fitting and calibrating a func­
;ion to the angular distributions resulting from Monte 
Carlo simulations of sputtering particle transport [5] . 
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The models used for the particle emission from the sput­
ter target [6] [7] use fractal surface representations. The 
simulation principles of the particle transport within the 
plasma are quite general and therefore can also be ap­
plied to the titanium target in the argon-nitride plasma 
reactor. The analytical distribution function is an ex­
ponential function given by 

(3) 

In addition a lateral component may be added which 
accounts for the slight difference of the flow conditions 
between the topmost edge and the bottom of the con­
t act hole. This fraction impacts the overall profile evo­
lution but only little influences the shape of the bulge. 
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Figure 5: Deposition of TiN into a 0. 7 µm diameter and 1.3 µm deep contact hole structure. The deposition rate is 
33.8 nm/min and the simulation time is 320 s. The pictures on the top are for a center-wafer position, the pictures 
at the bottom for a position 90 mm off the wafer center. The pictures on the left show cross-sections through a 
three-dimensionally simulated structure, the corresponding SEM pictures are on the right. 

The direction of maximum particle incidence and the 
amount and the gradient of the lateral fraction are ad­
justable. The parameters are internally converted tq the 
constants used in the distribution function (3). 

SLANTED PARTICLE INCIDENCE 

Moreover, we simulate the deposition at several wafer 
positions by setting different polar and azimuthal angles 
of the source position as depicted in Figure 3. 

The polar angle c/>src and the azimuthal angle '!9src de­
termine the origin of the particle distribution function . 
Since the circular contact holes are radially symmetric, 
the simulation results are independent of c/>src but vary 
with 195,c, the angle between the connection line from 
the sputter target center to the considered wafer posi­
tion and the vertical z-axis. 
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INPUT GEOMETRIES 

We have performed simulations for different geome­
tries. For calibration and testing issues we use a circu­
lar hole ,.,,i.th 0.3 µm diameter and 0.3 µm depth. The 
sidewalls of these structures are exactly vertical. The 
structure is built with a solid modeling program based 
on the same cellular data representation as used for the 
topography simulation. 

Furthermore the input geometry for a contact hole 
structure with 0. 7 µm diameter and a depth of approx­
imately 1.3 µm is extracted from SEM pictures and im­
itated with the solid modeling program. The structure 
consists of silicon dioxide on silicon with slanted side­
walls . The input geometry can be seen in the cross­
sections of the simulation results in Figure 5. 



TEST STRUCTURES 

Figure 4 shows the results of the deposition simula­
tion for a 0.3 µm diameter, 0.3 µm deep circular hole 
located 260 mm below the center of the sputter target 
disk. For the top left example at a position exactly be­
lo'\\· the center of the sputter target disk no initial ledge 
has been assumed. As expected, the resulting structure 
is axially symmetrical and no bulge appears. 

Below, the deposition at a position 90 mm off the 
wafer center for the same geometry is performed by a 
20° azimuthal offset of the distribution function. cPsrc 

is set to 90° so that the center of the sputter target is 
right from the center of the structure. The asymmetric 
profile reflects the slanted angle of principle incidence. 
The left sidewall is oriented towards the target whereas 
for the right sidewall a much higher fraction of the in­
cident particles is shadowed. This causes different film 
thicknesses depending on the orientation of the sidewall. 
For the geometries on the right an initial ledge is added 
to the input geometry. In this case a bulge is formed 
at the convex edge. For the center wafer position again 
it is radially symmetric whereas for the off-center loca­
tion the shape of the bulge depends slightly on the polar 
orientation of the contact hole sidewall. 

CONTACT HOLES 

Finally, Figure 5 correlates simulation results of TiN­
film deposition into a 0.7 µm diameter silicon-silicon­
dioxide structure with experimental results. 

Again the pictures on the top represent the center 
wafer position and the pictures below the location off 
the center. For this case <l>src is set to -90°, the sputter 
target is left from the structure. Two-dimensional cross­
sections of three-dimensional simulations are related to 
the corresponding SEM pictures on the right. The sim­
ulation as well as the SEM pictures indicate the radially 
symmetric layer profile and bulge shape for the center 
wafer case. For the slanted direction of main particle 
incidence (depicted on the bottom of Figure 5) the con­
ditions at the ledge are different depending on the ex­
position of the convex edge. The same as explained for 
the sidewall film thickness applies to the evolution of the 
shape of the bulge. The right edge faces towards the tar­
get center and therefore is strongly exposed to the par­
ticle flux mainly arriving with inclined incidence. The 
summarized deposition rate is higher and has a higher 
lateral component. Therefore a higher amount of mate­
rial is deposited at the regions below the ledge and the 
bulge is not as pronounced as on the left edge side. Even 
if the deposition rate is smaller, the variation due to the 
shadowing effect of the ledge is higher. The resulting 
difference in the bulge shape is evident in Figure 5. 
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CONCLUSION 

We have shown that by introducing a ledge, it is pos­
sible to explain and to simulate the formation of bulges 
at convex corners. If such phenomenons are undesirable 
within the process flow, special care has to be taken in 
preceding process steps. Obviously the simulation of the 
flow conditions within the plasma or measurements of 
the incoming particle distribution would be desirable, 
but the analytical particle distribution model and the 
model of arbitrary location of the sputter target by set­
ting its position by the angles </>src and fJsrc are capable of 
reproducing the film profiles including bulges obtained 
from experimental investigations. The selected analyti­
cal function is a good representation of the particle in­
cidence conditions at the wafer surface. 
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