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ABSTRACT 

1 

1 

A focused ion-beam milling instrument, commonly utilized in the semiconductor industry for failure analysis and IC repair, 
is capable of cross-sectioning nodular defects. Utilizing the instrument's scanning on beam, high-resolution imaging of the i 

I seeds that initiate nodular defect growth is possible. In an attempt to understand the origins of these seeds, HfO#3i02 and i 
, Ta20&i02 coatings were prepared by a variety of coating vendors and different deposition processes including e-beam, magne- 

tron sputtering, and ion beam sputtering. 

. 

By studying the shape, depth, and composition of the seed, inferences of its origin can be drawn. The boundaries between : 
the nodule and thin film provide insight into the mechanical stability of the nodule. Significant differences in the seed compo- ''. 
sition, geometry of nodular growth and mechanical stability of the defects for sputtered versus e-beam coatings are reported. 
Differences in seed shape were also observed from different coating vendors using e-beam deposition of Hf02/Si02 coatings. ' 

. .  . Key Words: Nodule, laser damage, focused ion-beam cross section, e-beam deposition, magnetron sputtering deposition, ion- 1 

beam sputtering deposition. 

1. INTRODUCTION 

Defects in multilayers have been studied for many years as initiation sites for laser damage! These defects are created by 
I particulates, either on the substrate surface before coating or deposited during the coating process. Anodule defect is created by 1 
i . overcoating the particulate or seed. Experimental data have been reported that illustrate a correlation exists between the suscep- 
. tibility of laser damage, in the form of nodular ejection, and the diameter of the seed.23 As the diameter of the seed decreases, 1 the probability of ejection also decreases. To understand nodular ejection in optical coatings, a model of the thermally induced 

mechanical stresses has been proposed based on geometrical etihancements of the stancling wave electric field @-field)? The 1. results of this model suggest the E-field is maximized by ihcreasing the seed diameter or minimizing the depth of the seed in the i multilayer. By studying these seeds in greater detail, coating manufacturers can infer their origins, allowing them to optimize 
1 their process to eliminate this source of laser damage to their optical coatings. 
I- 

Two very promising techniques have been proposed for e d n i n g  particulate generation during the coating process. Total 
internal reflection microscopy 0 has been used for pro&s optimization of magnetron sputtering to produce low defect 

- density ZrOi films? An in-situ particle monitor has also been developed and utilized for examining particulate generation 
during ion-beam sputtering (IBS) of Ta205 and Si02 multilayers.6 Another way of examining defect seeds is by cross section. 
hreviously it has been reported that a focused ion beam (FIB) .can beused to cross-section nodules to expose defect seeds?' 

f This technique, although limited to post deposition analysis, provides valuable insight into the seed composition, 
! depth, and bonding to the host film. With this information, spec& process improvements can be suggested, 
; be better understood, and effects of different deposition processes on defect seed properties can be studied. 
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2. EXPERIMENT 

Optical coatings from multiple vendors were examined for analysis 
of defect seed morphology for slightly different e-beam deposition 
processes. "bo material systems were examined, HfO,/SiO, and 
Ta,OJSiO, multilayers allowing the determination of starting mate- 
rial effects on seed composition. Finally, IBS and magnetron sputter- 
ing coatings were examined for comparison with e-beam films. The 
coatings were first examined under an optical microscope for identifi- 
cation of defects. Cross hairs were scratched on the surface near the 

niques. Care was taken to assure that fractures due to the cross hair 

j 
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defects to enable examination of a specific defect.with multiple tech- 

generation did not affect the nodule. The defects were then measured 
on an atomic force microscope (AFM) to verify if the defect was a pit 
or nodule and to reveal any interesting surface features of the nodule. 
The samples were then overcoated with a few hundred angstroms of 
palladium to prevent surface charging, similar to standard scanning 

conductive samples. 
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! 
Figure I. Overhead view of FIl3 cross-sectioned : 
defect. ..J 

The samples were then placed in a FIB system for defkt cross-sectioning. The FIl3 utilizes a liquid metal (usually gallium) i 
ion source described elsewhere.g"o At high current, the beam is capable of millingthe sample via sputtering. At low current, the 
FIl3 is a high resolution (-10 nm) scanning ion microscope (SIM), very similar to a SEM, and is u t i l i  to identify the previ- ' 
ously characterized defect q d  image the cross section. Once the defect is found, an area is selected for milling that includes one 
half of the defect. By inputting the physical thickness of the film, known from the coating design, and the width of the desired 
milled area, the computer calculates the required length of the triangular milling area to allow imaging of the cross section at a ' . 
60 degree angle as illustrated in figure 1. To prevent ejection of very weakly bound seeds during milling, a tungsten or metallic ' 
cap can be sputtered over the nodule. This additional layer also prevents rounding of the edge of the top coating layer, enabling j 
better visualization of all edge boundaries. This instrument allows cross sectioning of well characterized nodules, precise ' 
positioning of the milled area (e 1 pm), and in-situ imaging of the cross section. 

electron microscope (SEM) sample preparation techniques for non- -i 
1 

3. RESULTS 
3.1 Seed diameter affects nodular stability 

I.. 
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Figure 2 Seed diameter 
affects continuity of multi- 
layer and nodule interface. 
(a) Large seed has very 
discontinuous boundry 
resulting in a mechanically 
.unstable nodule. (b) Small 
seed has very continuous 
boundry resulting in a 
mechanically stable nodule. 
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The seed diameter has a significant impact on how well the nodule is attached to the coating. Large diameter seeds shadow 
the incoming coating flux causing voids as shown in figure 2a These voids create discontinuous boundaries between the 
multilayer and nodule resulting in poor bonding. From a damage perspective, these poorly held defects cause benign damage i 

. when the nodule is ejected at a low fluence. This process, known as laser conditioning, creates high damage threshold pitson -' 
bygentle" nodule ejection." If the seed is sufficiently deep, the outer coating layers of the multilayer and nodule will be become i 
continuous, resulting in stronger bonding of the nodule. Although the mechanical stability of the nodule, and thereby the ! 

, potential for its catastrophic failure increases as the seed depth increases, there is less E-field enhancement in these deep nodules -1 
and therefore a lower driving force for damage initiation. Small diameter seeds are well attached to the coating as shown in ; 
figure 2b and during laser irradiance have only moderate E-field enhancement and therefore have high damage thresholds. . 

' Medium diameter seeds appear to cause significant laser damage due to high &field enhancements for shallower seeds and I 
' moderate bonding to the coating. Although the seed is weakly held due to the surrounding voids, the continuous outer coating * 

! layers attach the nodule to the coating leading to catastrophic damage in the top layers after nodule ejection. 

3.2 Seed depth indicates time of seed deposition 
- :  
! 

, A simple model has been proposed to describe the geometry of classic parabolic nodular  defect^.'"'^ The diameter of the 4 i nodule, D, is related to a constant, Cy that is vendor specific, the seed diameter, d (which is also equal to the defect height, h), and 1 ' 

I depth, T, by the relation D = (C*d*T)ln. Previously reported cross sections of ebeam films have verified this parabolic behav- 1 

"spitting" or arcing that can be correlated with process data taken during the coating run. Identification of events that result in I 
, defect seeds provide the coating manufacturer with the opportunity to address on those process parameters correlated to coating I 

defect generation. Seeds randomly located throughout the multilayer indicate amore uniform generation of particulates. Since -! 
there is a direct relationship between defect depth and parameters that are measurable with an AFM, calculations of seed depths ! 
can be done in a nondestructive manner provided the constant, C, has been determined experimentally from measurements of 
FIB cross sections. It is worth noting that it is difficult to get a precise measurement of the defect depth of a cross section due to .-; 
positioning errors of the FIB (-1 pm) that make it difficult to find the deepest part of the seed. Ifthe seed is symmetrical and the i 

1 cross section is not in the exact center, it should be possible to calculate the real depth of the seed based on AFM measurements 
a of the nodule height. Unfortunately the majority of coating vendors have very complex seeds that lack the necessary amount of -.: 
I symmetry. 

: ior?'* FIB cross sections that expose patterns in the seed depths suggest unique particulate generating events such as source + I 
I 

i 

, 3.3 Seed morphology indicates phase of seed formation . - 
1 
i 
I 

+ In addition to affecting the height and width of the nodule, the seed also affects the surface profile of the nodule. Seeds with 
!. smooth boundaries result in nodules with classic dome shapes iis shown in figure 3. Seeds with complex morphologies have 

very irregular surface features as shown in figure 4. Since the seed morphologies can be inferred from the surface features of the 1 nodule, nondestructive AFM measurements can be used instead of destructive FIB measurements in some cases. 

It has been previously suggested that different seed morphologies may be the result of thenphase of the seed during it's 
formation? If the seed resulted from a molten particulate ejected from the source material, one would expect the seed to have 
smooth edges and a very regular spherical or prolatespheroid shape due to surface tension and gravitational forces. Seeds 
resulting from solid source ejection or arcing would have very.irregular shapes and rough edges. For a given coatingvendor, 
seeds are predominately smooth orrough indicating which processes should be optimized for elimination of a particulate source. 1. One vendor is an exception with both smooth and rough edge seeds on the same coated sample as shown in figure 5. Given the 1 size and shape of the seeds, they appear to be the result of both-molten and solid paxticulate ejection from the source material. 

Seeds have also been observed that do not appear to result from particulate ejection at the source. In figure 6 an elongated 
seed indicates a.coating flake from the shutter mechanism as a probable seed source. Since this deposition process utilizes 

* 

i 

. 



HfO2 (light layers), Si02 (dark lay 'E r s )  e-beam deposited from oxide starting materials 

Figure 3. (a) Smooth dome 
topography of a "classic" 
nodule. (6) Cross section 
of nodule reveals smooth 
edged seed. 

H f 0 2  (light layers), Si02 (dark layers) e-beam deposited from oxide starting materials 

Figure 4. (a) Complex dome 
topography of a multilobe 
nodule. (b) Cross section of 
nodule reveals rough edged 
complex seed. 

HfOg (light layers), Si02 (dark layers) e-beam deposited from oxide starting materials 

Figure 5. Cross sections 
from a coating reveal 
different seed morphologies 
(a) Smooth edge seed 
indicates molten phase 
formation. (b) Rough edge 
seed indicates solid phase 
formation. 
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HfO2 (light layers), Si02 (dark layers) e-beam 
deposited from Hf and Si02 starting materials 

Figure 6. Elongated single material seed shape 
indicates cause of seed maybe a coating flake 
from the shutter mechanism. 

HfOp (top three light layers), 
Ta2O5 (remaining light layers) 

Si02 (dark layers) IBS deposited 
from Hf, Ta. and Si09 taraek 

Figure 7. Seed consists of a mdtilayer 
that is three layers thick indicating 
seed source is a coating flake 
originating from a chamber surface. 

. different guns for different staring materials, the coating flakes from under the shutters consist of a single material. In figure 7, 
a coating flake that is three layers thick is the seed of the defect. The multilayer composition of the seed suggests a coating flake I 

originating from one of the chamber surfaces. 

. 3.4 Seed contrast indicates composition 
" ,  

I By exploiting the different conductivities of the multilayer materials, one can infer the composition of the seed by compari- ; 1 son with the contrast of the individual multilayers. The light layers are the high-index material (HfO, or Ta205 in this study) and i 
L 

- 
I I i Hf02 (light layers), Si02 (dark layers) ebeam deooslted from oxide starting materials 

Figure 8. Seed contrasf 
indicates seed composition. 
(a) Light seed indicates HfO2 
composition. (b) Dark seed 
indicates Si02 composition. 



dark layers are SO2. Previously, Tench et. al., used scanning.Auger mi- 
croscopy to verify that the composition of light seeds from Hf02/Si02 coat- 
ings was indeed an oxide of hafnium? The vast majority of e-beam 
coatings deposited fiom oxide starting materials (H fO,/SiO.J that we 

: examined had light seeds indicating Hf02 com position as shown in 
figure 8a. One vendor is an exception where 40% of the cross sectioned 

, seeds were dark, indicating Si02 composition as shown in figure 8b. It is 
worth noting that this vendor typically has lower defect density coatings 
(-20-40 defects/mm*) than the other vendors (50-200 d e f e c t s / 
mm3 due to process optimization of the Hf02 deposition. It is likely that 
Si02 seeds exist in e-beam coatings from other vendors, but in a signifi- 
cantly lower percentage so they have been elusive due to a limited number 
of defect cross sections. 

i 

Reactive evaporation of metallic hafnium has been suggested to re- 
' duce the defect densities in  coating^.'^ We cross sectioned coatings all with 

very low defect densities (e10 defectdmm? deposited fiommetallic hafnium 
from three vendors. Only dark seeds, as shown in figure 9, have been found 
for two of the vendors and only light seeds as shown in figure 6 have been 
found for the third vendor. The light seeds, previously discussed, likely 
resulted from coating flakes fiom the underside of the shutter. It is also 

. possible that particulates of oxidized Hf form at the edges of the molten 

.. pool. The dark seeds are most likely SOz, although scanning'Auger mi- 
croscopy should be performed for verification. 

HfO2 (light layers), Si02 (dark layers) e-beam 
deposited from Hf and Si02 starting materials 

Figure 9. Typical defect seed from two 
vendors generated during deposition 
of metallic Hf and Si02. Defect 
densities were reduced significantly 
by modifying deposition process to 
e&poration of metallic &ead of oxide .f 
form of Hf. I 

. 3.5 Seeds from other starting materials 

Coatings from deposition of Ta205 and Si02 were also cross sectioned 

i Ta205 (light layers), Si02 (dark layers) e-b'eam deposited from oxide starting materials 

Figure 10. (a) Cross section 
containing seed. (b) Cross 
section where seed "fell out" 
before imaging. 



as shown in figure 10a to understand the seed differences for different material combinations. This cross section illustrates some ' 
of the technical difficulties associated with this technique. For small seeds, it is difficult to position the FIB with enough 1 

accuracy to predictably cross section through the seed center. The further the cross section is fiom the center of the nodule, the . 
less the confidence in the determination of the seed composition. One technique that we have utilized to increase our under- I 
standing of the three dimensional properties of the nodule is to take a series of cross sections starting near the nodule edge and . 
continuing past the center. To illustrate this point, the defect in  figure l l a  has not been cross sectioned in the center of the nodule ! 
while the same defect has been cross sectioned in the center in figure llb. These cross sections have illustrated how easy it is to ; 
misinterpret the seed composition if the cross section is through an adjacent layer and not the seed center. 

An interesting feature of this particular nodule is the crack that propagates along the full length of the nodule. Since the ! 

HfO2 (light layers), Si02 (dark layers) e-beam deposited from Hf and Si02 starting materials 
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Figure 11. (a) Cross section not 1 i 
at center of nodule. (b) Cross I 
section at nodule center reveals -2 
true seed composition. 1 

! 

1 

Figure 12 Cross section of 
typical defects from sputter 
deposition techniques. 
(a) IBS deposition of Hf 
and SO,. (b) Magnetron 
sputtering deposition of 
Ta and SiOi. 
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. multilayers do not align over any section of the crack, it must have formed after the deposition process. AFh4 evaluation of the i : surface of the nodule also revealed a surface discontinuity which indicated the crack was not the result of the cross-sectioning i 

: process. The existence of this crack suggests high mechanical stresses in the nodules, despite the presence of voids. Another -j 
problem that occurred when cross-sectioning this film was the instability of the seed as shown by the defect in figure lob. 
During the cross-sectioning process, the seed was no longer bonded to the nodule and fell out before imaging. The same 
problem has been encountered on larger nodules, where the nodule was so unstable that it either fell apart during cross section- 
ing, or fell out before imaging. 

, 

.; 
i 

3.6 Seeds of sputtered versus e-beam films 

Two different sputtering process were evaluated-IBS and magnetron sputtering. The coatings were deposited fiommetallic 
high-index materials (Hf or Ta) and oxide low-index material (SO,). In both instances, despite the presence of large seeds, the 
interface between the coating and the nodule became continuous near the seed boundary as illustrated in figure 12. E-beam 
coatings with similar size nodules have very discontinuous, convoluted boundaries as illustrated in figure 2. This higher degree 

’ of mechanical stability with even large diameter seeds may result in significant collateral damage during nodule ejection and ’ 
account for the lower damage thresholds observed in sputtered films.I4 Another interesting feature is the lack of parabolic shape : 

to the noduIe cross section over e-beam coatings. For both of these phenomena, the higher mobility of deposited material 1 
i resulting from the more energetic sputtering process is the probable cause for the significant departure from e-beam nodule ’1 
’ morphologies. The seeds for both sputtering processes are dark indicating SiO, composition. This is typical of most e-beam I 

! 
coatings deposited from Hf and SiO2 

4. SUMMARY I 

Since defects are initiation sites for laser damage, FIB cross sections offer a unique tool to coating vendors for process 
optimization of low-defect-density film deposition processes. By studying the characteristics of the seeds, process modifica- , 

tions can be selected to solve a particular vendor’s problems. Seed depth indicates time of seed deposition and may be corre- 
lated with unusual deposition events such as source “spitting” or arcing. Seed  morphology indicates the phase of the seed during 
formation. Rough-edged seeds imply generation during a solid phase and smooth-edged seeds imply generation during a 
molten phase. Seed composition indicates which source material is creating the most significant number of seeds. Coating . 
flakes from shutter mechanisms and other chamber surfaces can be identified by their shape and composition. Continuity of the 
boundary between the nodule and multilayer indicates mechanical stability of the nodule. This information can also be used for 
understanding the relationship of defect height and depth on l&er damage susceptibility. 

Process modifications such as changing the starting material fiom HfO, to Hf for ebeam deposition, yield lower defect j 
densities and different chemistry seeds. These results imply that the high-index material is no longer the predominate source of i 

. particulate generation and that further refinement of the Si02.evapomtion process is required for even lower defect density i 
’ films. 

.- 
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