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ABSTRACT 

Chemically-amplified positive DUV photoresists are well known to exhibit small profile deviation at the resist substrate 
interface, commonly called footing, when processed on substrates like silicon oxynitride (SiON), titanium nitride (TiN), and 
boron phosphorous silicate glass (BPSG). Severe footing can cause etch problems resulting in critical dimension (CD) non
uniformity and degraded lithographic performance. The objective of this paper is to examine possible solutions to footing on 
SiON substrates by focusing on three main areas: photoresist formulation, photoresist processing and substrate manipulation. 

The differences in photoresist formulation lead to various footing results. Three Shipley™ DUV photoresists, APEX-E 
2408™ POSITIVE DUV PHOTORESIST, UV5™ POSITIVE DUV PHOTORESIST and UV6™ POSITIVE DUV 
PHOTORESIST are examined to benchmark the performance on a baseline 300A SiON film deposited on silicon. The 
formulation study is designed to discover the main differences in the photoresist that cause different amounts of footing by 
examining four areas: photo-acid generator (PAG) type, PAG loading, additive loading and polymer type. 

Photoresist processing is studied to understand the main impact of several different processing steps on footing. The studies 
are performed with one or more of the following Shipley Positive DUV Photoresists, APEX-E 2408, UV5 and UV6 with a 
300A SiON film. The main process steps examined are developer time, photoresist thickness, and softbake and post-exposure 
bake (PEB) temperature. Prime temperature and dehydration bake after prime are also examined. The develop studies are 
performed to determine if longer develop times or would erode the foot. Photoresist thickness is examined to determine if the 
foot size is affected by the position on the swing curve. Softbake and PEB are examined to determine if manipulating bake 
conditions reduces footing. The substrate priming and dehydration bake studies are performed based on success in 
minimizing footing on BPSG by using a dehydration bake after prime. 1 

The properties of the substrate are closely examined to determine the effect on interfacial footing for APEX-E 2408 and UV6. 
Although SiON ARL layers have been shown to offer significant improvements in photoresist patterning and yield,2 DUV 
resist performance can be further improved by reducing the amount of footing. Factors that can contribute to the amount of 
footing include substrate type, surface treatment, substrate thickness and substrate reflectivity. The surface treatments 
examined include an oxide cap, a 10-second Post-Ash and several nitrous oxide plasma treatments, which vary the gas flow, 
power, and time. 

The studies on SiON film thickness and reflectivity show the greatest effect on photoresist footing. By changing the SiON 
film thickness from the reflection minimum of 300A to the reflection maximum of 550A, the footing is reduced by more than 
half for APEX-E 2408 and nearly eliminated for UV6. The use of a nitrous oxide plasma treatment reduces the foot by more 
than a factor of three. The combination of a surface treatment with the reflection maximum of 550A completely eliminates all 
traces of footing for APEX-E 2408 and UV6. This work demonstrates that there is an interaction between the surface induced 
foot and the effective optical dose (reflectivity). Clearly, the purpose of an ARL is to minimize CD swing by reducing 
reflectivity. A 300A SiON baseline film has a swing ratio of 5.3% for UV6 which increases to 17.7% for a 550A SiON film. 
This study gives additional information to minimize the overall CD variation caused by both footing and CD swing. 
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1. INTRODUCTION 

Critical dimension (CD) control is a key parameter for sub-quarter micron DUV lithography. Thin film interference (TFI) 
effects have a dramatic impact on CD control. Fortunately, TFI effects can be minimized in many ways, including the 
application of an inorganic anti-reflective layer, such as SiON. SiON substantially reduces the resist-substrate interface 
reflections and thereby provides a means to achieve excellent CD control. Unfortunately, many chemically-amplified DUV 
resists are contaminated by the formation of amines at the SiON surface.3 This contamination leads to footing and, hence, 
poor CD control and resolution. 

Methods to improve the foot include using a barrier layer between the photoresist and substrate, changing the photoresist 
chemistry to reduce its sensitivity to basic contaminants or treating the substrate surface to reduce its basicity. This paper 
examines the effects of resist chemistry, processing and substrate surface on footing. 

2. EXPERIMENTAL 

The equipment set for photoresist processing consists of a TEL MK8 coat and develop track, a GCA XLS 7800 Stepper with 
KrF Laser and a 0.53 NA lens (0.74cr). A Prometrix SM300 is used for all resist film thickness measurements. The SiON 
films are deposited using a Novellus Concept Two Sequel System. The SiON film thickness is measured on a KLA-Tencor 
UV-1250SE. The process and substrate manipulation work uses one or more of the following Shipley DUV photoresists and 
developers: APEX-E with MEGAPOSIT® MF®-702 DEVELOPER, UV5 and UV6 with MEGAPOSIT® LDD-26W 
DEVELOPER. The main response for all experiments is footing. The size of the foot is determined by measuring the 
linewidth just above the foot, measuring the linewidth at the substrate and then subtracting the two numbers and dividing by 
two (see Figure 1 ). This results in a measurement of the foot per side of the resist line. IMP statistical software is used in the 
analysis of the formulation designed experiment and of the surface treatment response surface methodology. 

Figure 1: Measurement of Footing 

Foot= x...:_y 
2 

3. RESULTS AND DISCUSSION 

3.1 Solutions Through Photoresist Formulation 

The interaction between SiON substrates and Positive DUV chemically-amplified photoresists may result in footing. Several 
of Shipley's DUV resists are examined in order to benchmark the degree of footing on a baseline SiON film of 300A. The 
resists examined include APEX-E, UVS and UV6, as shown in Figure 2. The results of the initial benchmark indicate that 
APEX-E has the largest foot, followed by UVS, with UV6 showing the best performance. 
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Figure 2: 250 nm I: I Lines/Spaces on 300A Si ON 
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In order to understand the fundamental differences in footing between the resists, a formulation experiment is designed. The 
experiment focuses on four main areas: photo-acid generator (PAG) type, PAG loading. quencher loading and polymer type. 
The experiment is a full factorial design and the factors and levels arc shown in Tahle I. 

T bl I F a e ormu at1on D es1gn o fE xpenment 

FACTOR LEVEL I LEVEL 2 

PAG Type Medium Strength Acid High Strength Acid 

PAG Loading Low High 

Additive Loading Low High 

Polymer Type Medium Acrylate Medium-High Acrylate 

The JMP analysis of the formulation experiment indicate that the two main factors that affect footing arc additive loading and 
PAG type. Footing is reduced by increasing the additive loading and by using the medium strength acid. In chemically
amplified photoresist. there is an equilibrium between the acid and the base in the exposed region. When hasic contamination 
is introduced at the substrate surface, the equilibrium shifts, resulting in more deactivated acid at the substrate interface.' By 
introducing more additive into the resist system and using a medium strength acid , the equilibrium can he better maintained 
throughout the exposed region. The net result is a reduction in the foot. Although the results of the experiment show that the 
use of higher additive loading (best case) has a 2X reduction in footing over the worst case . the footing is still too large fur 
practical applications. Figure 3 shows the best and worst cases for 220 nm I: I lines/spaces and isolated lines. 

Figure 3: 220 nm I: I Lines/Spaces and Isolated Lines on 300A SiON 
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3.2 Solutions Through Photoresist Processing 

3.2. 1 Prime Temperature and Dehydration Bake 
T he effects of prime temperature and Jehydration bake arc examined hased on improvements in footing shown with BPSG. 1 

The experiment examines the effects of two different prime temperatures with an<l without a high temperature de hy<lration 
bake following prime for UV6 on a 300A SiON film. The results arc inconclus1vc . At a prime temperature of I 20°C. a 
dehydrat ion bake of I 75°C appears to make the footing worse . A prime temperature of I 50°C shows simi lar footing as the 
I 20°C prime, hut in thi s case the dehydra tion hake has no effect. The results arc displayed in Figure 4 . 

Figure 4 : The effect of Dehydration Bake on footin g at a I 20°C and a I 50°C Prime 
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3.2 .2 Photoresist Thickness 

60 

50 -

E' 40 -

.E. 
1:11 

JC -c: :;::; 
0 
0 
u. 20 

10 

150 °C Prime 

Prime 

1
--6-- 2 20 nm 1 1 L111e~/Sp a ces I 
----- ??0 nm ls o latud L m a !". 

Prime with 

Dehydration Bake 

The photoresist profile can be manipulated by changing the resist thickness in relation to the swing curve. Therefore . it is 
attempted to manipulate the fool by changing the resist thickness for APEX-E and for UV6. A total of three fi lm thicknesses 
are examined for each resist. The results indicate no change in footing . as seen in Figure 5. 

Figure 5: Footing vs. Resis t Thickness. 250 nm I : I Lines/Spaces on 300A SiON 
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3 .2.3 Softbake and Post-Exposure Bake 
The effect of changing softhake and post-exposure hake (PEB) on footing 1s exammed for UV6. Manipulating the 

softbake/PEB temperature differential changes the amount of acid diffusion such that an increase in PEB temperature results 
in more acid diffusion. Increasing the diffusion may result in more acid being available to dehlock the polymer al the suhstrate 
surface. thereby eliminating footing. The study consists of four runs, three at a fixed softbake of ! 30°C where the PEB is 
equal to or greater than the softbakc temperature and one run at a l 35 °C softhake and a I 30°C PEB. The results of the 
experiment indicate that increasing the PEB only marginally affects the footing . The improvement 1s msigm ficant in th al it is 
within the measurement error of ±5 nm. The manipulation of bake temperatures offers no solution to footing. Figure 6 shows 
the effects of softbakc and the effects of PEB on the footing of UV6. 

Figure 6: Effects of Softhake and PEB on footing for UV6. 220 nm I: I Lines/Spaces and Isolated Lines on 300A SiON 
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The develop step is examined to attempt to find a solution to footing with a more aggressive develop process such as longer 
develop times. APEX-E and UV6 arc examined with single puddle develop times of 45. 60 and 90 seconds. This approach 
shows no solutions to footing. The results for develop times arc displayed in Figure 7. 

Figure 7 : Develop Time vs. Footing. 250 nm I: I Lines/Spaces on 300A. Si ON 
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3.3 Solutions Through Substrate Manipulation 

3.3.1 SiON Oxide Capping 
The use of an oxide cap is examined lo determine if a harrier to the substrate surface reduces footing. This is accomplished in 
one of two ways. First. a I OOA cap of silane-based oxide is deposited over the baseline 300A SiON film and second. a post 
ash treatment is performed on the surface of the baseline Si ON film. The post-ash treatment is a I CJ second hurn of the film 
and is believed to result in a thin oxide layer. APEX-E. UY5 and UY6 are examined on both the IOOA. oxide cap and the 
post-ash treatment. The results. as seen in Figure 8. indicate that the post-ash treatment gives a 2X improvement in foot111g . 
over a baseline Si ON film. for all resists. The I OOA oxide cap results in a JX improvement in footing for APEX and UVS 
and more than a 5X improvement in footing for UY6 . The different substrate surfaces arc analyzed lo dctcrmine any 
differences in compos ition which would lead to different amounts of footing. The analysis shows a large amount of carbon 
contamination on the film. making it difficult to determine differences in the films . 

Figure 8: Oxide Capping. 250 nm 1: 1 Lines/Spaces 
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3.3.2 Nitrous Oxide Plasma Surface Treatments 

300A SiON 
10s Post-Ash 

300A SiON 
tooA Oxide Cap 

Nitrous oxide plasma treatments on a 300A SiON film arc also examined. The treatments involve nitrous oxide !low. high 
frequency power and time. A nitrous oxide plasma treatment is also thought to form a thin oxide on the surface. the exact 
composition of the films is not known as surface analysis has proven difficult. The study examines the effectiveness o f the 
plasma treatments and also how footing is manipulated with changing power and time at a constant nitrous oxide flow. 
APEX-E and UV6 are examined for each condition in the experiment. The factors of time and power each have three level s 
using a central composite orthogonal response surface design. In general. the nitrous oxide plasma treatments re sult in at least 
a 2X improvement in footing over a baseline film . The results of the re sponse surface indicate that a longer treatment yields 
the most significant improvement in footing . The effect of power is minimal but does indicate a s light trend that increasing 
power will decrease the fool. Figure 9 displays the results of the nitrous plasma RSM. 
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Figure 9: Nitrous Oxide Plasma Surface Treatments. 250 nm 1: 1 Lines/Spaces 
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3.3.3 SiON Film Thickness and Reflectivity 
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A SiON film with fixed n and k values produces a distinct ret1ectivitv curve, shown in Figure I 0. The curve shows a damped 
sinusoidal dependence of reflectivity on thickness because of its high absorptance. 

Figure I 0: SiON Reflectivity Curve 

SiON Reflectivity Curve 
0.6 

.i!> 
0.5 

·s 
:s::i 0 .4 u 
Cl) 

II::: 
Cl) 

0.3 a:: 
.\!! 
ro 0.2 .i::, 

~ 
~ 0 1 

0.0 

0 500 1000 1500 2000 

Film Thickness (A) 

Changing the position on this reflectivity curve by varying SiON thickness affects the profile of the photoresist..i Footing is 
examined on three SiON substrates of different thickness with fixed n and k values: 300A (minimum). 570A (maximum) and 
l .SOOA (minimum). The resulting trend is that footing decreases with increased SiON reflectivity The results for UV6 arc 
shown in Figure 11 . At the l .SOOA film thickness. a local minimum of 16'7<· reflectivity . a 2X improvement rn footing results 
over the 300A film. which has a reflectivity minimum of 3.09,.. At 570A. a reflectivity maximum of 23o/r. a .+X improvement 
in footing is achieved over the 300A film. 
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Figure 11 : Footin g vs. Si ON Film Thickness . 250 nm I : l Lines/SpJccs and Iso lated Lines 
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An additional experiment is performed to determine if the degree of footing is dependent upon the total reflectivity . the 
standing wave phJsc at the substrate interface or a combined effect o f the two. The experiment consist s of five runs varying 
reflectivity from l.09' to 22.0o/c. The resulting substrates have similar n and k values. except for the 26 7 A film of I 'Ir. 
reflectivit y. and have a phase relationship relative to the reflectivity minimum at 300A varying from -0.67 to 2.68 radians. 
The re tlectivit y curves are shown in Figure 12. 

The footing results for UV6, as seen in Figure 13, show a non-linear behavior with the phase on the reflectivit y curve. As 
reflecti vi ty increases from l .Oo/c to 5.0% the footing appears to worsen. moving from a descending midpoint C267 Al to a 
minimum (300A) on the reflec tivity curve . The footing then improves with increasing reflectivity and film thickness. moving 
from the minimum nooA) through two ascending mid points (350A and 422A) to the maximum (556Al . The results show 
that there is a dependence o f footing on the phase of the standing wave at the substra te interface . As our suhstratc thickness 
changes in the direction of negative phase. instead of an undercut profile occurring. as see n hy Mack .1 the relative increase of 
light intensity at the interface results in a reduction in footing. The difference in data can he explained hy the fact that there is 
a foot on the profil e at the zero phase (300A) for SiON and so a reduction in the s ize of the foot is observed instead of an 
undercut. The data is not s trictly sinuso idal and the behavior of which might also depend upon tota l reflec tivity in this low 
reflectance regime. hut the minimal data set docs no t allow a firm conclusion. However, it docs appear that working at a 
thickness s lightly below the reflection minimum results in a reducti on in footing with mimmal change 111 reflection control. 
W orking at a loca l reflectivity maximum also significantly eliminates traces of footing. 
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Figure 12: Reflectivity Curves 
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3.3.4 SiON Film Thickness and Surface Treatment 
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Figure 13: Footing vs. Reflectivity and Phase 
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The position on the SiON reflectivity curve has the greatest effect on footing, nearly eliminating the problem for UV6 and 
significantly reducing it for APEX-E when using a local reflection maximum, a film thickness of 550A. However, the best 
and most appealing solution would occur around a reflection minimum. In this experiment two different effects are being 
examined: one, confirming the improvement in footing when using a 550A film and, two, attempting a solution with a nitrous 
oxide plasma treatment. The experiment consists of four conditions, 300A SiON with and without treatment and 550A with 
and without treatment. UV6 and APEX-E are studied. The results are displayed in Figure 14. UV6 shows a 2X 
improvement in footing from an untreated wafer to a nitrous oxide plasma treated wafer. The greatest improvement is found 
for the 550A, in that no footing occurs on the 550A plasma treated SiON and very little footing occurs on the 550A untreated 
SiON. The results for APEX-E indicate that the surface treatment has the greatest effect on footing, showing a 4X reduction 
in footing, whereas the 550A SiON film only results in a 2X reduction in footing. The 550A nitrous oxide plasma treated film 
virtually eliminates all traces of footing for APEX-E. 
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Figure 14: Footing vs. Surface Treatment and Film TI1ickncss. 250 nm I: I L111cs/Spaces 
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The best footing results are obtained by using an SiON thickness resulting in a local reflection maximum with a nitrous oxide 
plasma surface treatment. It is expected that when moving from a reflection minimum of 300A to a reflection maximum of 
550A, thin film effects may cause CD control issues and degrade lithographic performance. Figure 15 displays the CD swing 
curve for UV6 on 300A SiON, 550A SiON and silicon. The swing ratio for UV6 on silicon is 39.0%, which is reduced to 
5.3% for the 300A SiON. The 550A SiON film still provides a fair amount of reflection control at a swing ratio of 17.7%. 
The lithographic performance for UV6 shows some differences between the 300A and the 550A films. The 550A SiON film 
does show slightly better focus latitude, 0.2 - 0.4 µm, greater than the 300A film for the 200 nm lines/spaces and the isolated 
lines, most likely due to the improvement in footing. Figure 16 displays the focus latitude comparison for UV6 on 300A and 
550A SiON. 

Figure 15: UV6 CD Swing Curve 
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Figure 16: UV6 on 300A and 550A SiON; 200 nm 1:1 Lines/Spaces, Focus Latitude 
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4. CONCLUSIONS 

Photoresist formulation, processing and substrate manipulation are studied to examine possible solutions for positive 
chemically amplified resists footing on SiON substrates. The most significant improvements are realized through substrate 
manipulation. The two most significant factors are the SiON film thickness, as related to reflectivity and phase of the 
standing wave at the interface, and the nitrous oxide plasma surface treatments; when used in combination they can eliminate 
most if not all traces of footing at the substrate interface. While the use of a more reflective SiON may not provide the best 
substrate in terms of reflection control, it does reduce footing. A balance is realized between CD non-uniformity due to 
footing and CD non-uniformity due to reflection control. Nonetheless, solutions to footing are being explored through 
variations of plasma treatments for the 300A film and also through photoresist formulation. 
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