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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology
Degree: Master of Science Program:___ Microelectronic Engineering

Name of Candidate: Chris Maloney

Title: Compensation of extreme ultraviolet lithography image field edge effects through optical proximity
correction

For EUVL to be enabled for HVM, the printing of densely spaced die must be allowed. To achieve
this requirement, a mitigation strategy to compensate for field edge effects is vital. This study has two
goals. First, we will show that field edge effects can be modeled for reticles with an absorber border and for
those with an etched ML border. The second is to investigate the limitations that exist when compensating
for field edge effects with OPC, including image quality, REMA blade stability and OoB variability. This
thesis shows that for different reticles different mitigation strategies are required in order to enable EUV

HVM.




ACKNOWLEDGMENTS

There are many people that | owe my gratitude too, but first I have to give glory
to God. He has been with me my entire life watching over me, even if [ wasn’t aware of it
| am so blessed to have been given the opportunities to succeed and the support of family

and friends throughout the entire way.

Of course | have to thank my patient wife Kelly. You supported me the entire
way, no matter what situation we were in. You even moved to Belgium, just to be with

me to chase after my ambitions. You are the most selfless person I know, | love you.

| am grateful to my parents, John and Diane Maloney. Dad, you have always
shown me the importance of hard work to be successful in anything. And Mom,
somehow you succeeded (I like to think) in raising me to be a polite and respectful young

man, thank you for never giving up on me.

To my advisor Dr. Bruce Smith, thank you for giving me the opportunity to
pursue a graduate degree and providing me with such a life changing internship. This has
opened doors to participate in cutting edge research, network with those making industry

decisions and also make new friends.

| am also so grateful for those that I have worked with at Mentor Graphics and
IMEC such as John Sturtevant, James Word, Geert Vandenberghe, Eric Hendrickx and
Vincent Wiaux for all of your guidance along the way. Also thank you to my group

members at RIT, Peng Xie, Germain Fenger, Burak Balyav, Monica Sears and Andrew




Estroff, for all of your discussions to better understand all of the aspects of lithography.
Lastly I would like to thank SRC and Mentor Graphics for the support in funding my

education.




Table of Contents

IO = - Tod (o | £ 10 o OSSOSO 1
1.1 HiStOriCal OVEIVIEW ......coiiiiiiiiiiiieeiee et 1
I I 11 1o o[ 1] )Y AP 1

1.2.1  Image FOrMatioN .......cccciiieiieee ettt 2
1,22 RESOIULION ...t 7
1.2.3  MOGUIBLION ... 9
1.2.4  DePth OF FOCUS....ceiiiieieiesie e 10
125 FLAIe oo s 12
12,6 OPC et 16
1.3 EUV LithOgraphy .......oooiioeeeee e 16
1.3.1  SYSLEM OVEIVIEW ...ttt bbb 17
1.3.2  SNAOOWING. .. ettt bbbt bbb 18
1.3.3  REMA BIAGES ... 22
1.3.4  Field EAge EFfeCt ....ccooiiiice et 23
1.35  O0B RAIALION ... s 25
1.3.6  StoChaStiC EffECES ......cc.oviiiiiiiiiiee s 26

2. RESEANCH MOTIVALION ..ottt 29

2.1 PrOBIBM oo 29
2.2 ODJECLIVES ...t 30

K TR AN o] o] (T ot o PR 31

3.1 EXPEriMENTAl ......cveeieiie et 31




311 ML BECHEA MASK ... ettt ee e e e e e eeaans 31

3.1.2  Dense CH Array MeasUremeNnts ........ccceuuereiiieniiieniieeesiiessieessneessinee e 32
3.1.3  Measuring O0B variability ..........ccccceoveiieiiiic e 33
3.2 SIMUIBLIONS. ...ttt 35
3.2.1  Field edge effect model fitting.........ccooiiiiiiiiiiee 35
3.2.2  OPC et 36
3.2.3  ImMage QUAIILY.......cviiiiiieiee e 37
3.24  REMA Blade Positioning after OPC .........ccccoiiriiininieeee e 38
3.2.5  Simulating OoB variability ..........c.ccooiiiiiiiiiie e 39
RESUILS ...t bbb bbb 41
4.1 CH MEASUIEMENTS .....oocviiiiiiiiiiiiii et 41
A \V/ [ [=] [ o TSSOSO 43
4.2.1  70nM thick @DSOIDEIS ......c.oiviiiiiiiec e 43
4.2.2  Etched ML DOFAEN .....cc.coiiiiiiiieeee e 44
4.2.3  Extrapolating to 51nm and 84nm abSorbers ...........cccccvvveveevieieeceeie e 45
.24 OPC .. e re e 49
4.3 Requirements for design COMECLION ..........ccovivieiieie e 50
431  Go0d iMage QUATITY .......ccoveiiiiiiie e 51
4.3. 11 ACAl IMAQE oot 51
4.3.1.2  ProCeSS WINAOW ......ccoiueiueiiiiiiniiiiieiieie ettt sneas 53
4.3.1.3  Stochastic effect 0N LCDU........ccooiiiiiiiiieiciieeeee e 58
4.3.2  Stable REMA blade poSition ..........ccccviiiiiiiiiiiiiiccee e 60
4.3.3  Stable O0B CONIIDULION ......cooiviiiiiiiiccc e 64

Vi



5.

6.

7.

Alternative Mitigation Srategy .........ccceeieeieeriiiie e

Conclusions

References..

vii



LIST OF FIGURES

Figure 1. Schematic of Kohler illumination for optical lithography. .........ccccceviiveinnnn 2
Figure 2. Binary mask function With pitCh p. .......cccoooveiiiic i 3
Figure 3. Fourier transform of the mask function in frequency space............ccccevvvevieenenn. 5
Figure 4. Visualizing the objective lens as a linear filter.............ccccoevviieiieii i, 6
Figure 5. Impact of objective lens NA 0N iMaging.........cccccovveveiiieiiene e 7

Figure 6. DOF calculated as the width of the red ellipse after evaluating the process

WINAOW Of MUILIPIE FEALUIES. .....ovveiececeee e 12
Figure 7. Mask function exhibiting flare. ...........ccccoooviiiei i 13
Figure 8. PSF and TIS function used to describe the impact of flare on imaging. ........... 15

Figure 9.a)Resist contour without OPC. b)Resist contour after OPC implementing SRAFs

AN SEIITS. L.ttt 16
Figure 10. Schematic of ASML NXE:3100.........cccceiiiiiieiiiieseese e 18
Figure 11. Schematic representation of how a EUV scanner creates shadow. ................. 19
Figure 12. Effective angle of incidence for horizontal and vertical lines. ........................ 20

Figure 13. Simplified geometric sketch of absorber shadowing, depicting the full range of
incident angles and their contribution to shadowing. ..........cccccceviieiiiiiccc e, 21

Figure 14. Shadowing resulting in asymmetries between +1 reflected diffraction orders.

Figure 15. Illustration of image border reflections overlapping with neighboring die..... 22

Figure 16. Illustration of REMA blade placement and resulting penumbra..................... 23

viii



Figure 17.a) Ideal die stitching. b) Actual die stitching showing overlapping image
borders overexposing the image field. ... 25
Figure 18. Theoretical reflectivity for Mo/Si ML MIrrors. ..........coovvoeieienencncsise 26
Figure 19. a.) Continuum approximation used in resist modeling. b.) Stochastic resist
modeling showing photon and resist reactant randomNESS. ..........ccocvvvereereseeneeresee e 27
Figure 20. Four contact hole cross sections generated using Prolith Stochastic Resist
MOAElING (FEAZTESIST). ...veveieieieeiieee et 28
Figure 21. Cross-section of etched ML DOFder. .........ccocooviiiiniiiniceeee e 32

Figure 22. Reticle layout showing measurement positions of 36nm dense contact holes in

DIACK. ...t 33
Figure 23. DUV reflectivity in multilayer, absorber and aluminum blanks. .................... 34
Figure 24. EUV reflectivity in aluminum. .........ccoooiiiiiiiiieee s 34
Figure 25. Dose to clear using both aluminum blank and multilayer blank. .................... 35
Figure 26. Flaremap generation for field edge effects. ........c.coovviviiiiiiiicc e 36

Figure 27. Example of how OPC will be used to correct 36nm dense contact holes. ...... 37
Figure 28. Illustration of how the REMA blade may vary from its nominal position...... 39
Figure 29. 36nm dense contact holes measured at distances extending diagonally from the
corner of the IMage FIeld. ........ooo i 42
Figure 30. 36nm dense contact holes measured at distances extending diagonally from the
corner of the image field using a reticle with an etched ML border..........c.ccccccovvvevivennne. 43
Figure 31. a.)Field edge effects from 70nm Hoya absorber at corner of the field modeled

to fit measurement data. b.) Calibrated flaremap showing measurement points in black. 44




Figure 32. a.)Field edge effects from etched ML border at corner of the field modeled to
fit measurement data. b.) Calibrated flaremap showing measurement points in black. ... 45
Figure 33. EUV absorber reflectivity for three different absorber types. ..........ccccovvene. 46
Figure 34. a.)Model extrapolated to three different absorber types. b.) Simulated CD

comparison between features in the center of the field features at the corner of the field.

Figure 35. CD bias after applying OPC as a function of flare (field edge effects are
TUMPE INTO FIAIE). ... s 49
Figure 36. CD bias after applying OPC for a 70nm absorber border and an etched ML
00] o[- PSSP 50
Figure 37. Aerial image comparison between 36nm dense CHs at the center of the field
vs. features at the corner of the field for three different absorbers a.) 51nm Hoya b.) 70nm
HOY& C.) 84NM AGRC. ... 52
Figure 38. NILS corresponding to the simulated aerial image for 36nm dense CHs at the
center of the field and features at the corner of the field after OPC corresponding to three
AITFErENt @DSOTDETS. ... 53
Figure 39. Simulated 36nm dense CH process window for features in the corner of the
field seeing the effects of three overlapping fields after OPC a.) 51nm Hoya absorber b.)
70nm Hoya absorber c.) 84nm AGC abSorber.........cccoviviieii i 55
Figure 40. Simulated 36nm dense CH exposure latitude vs. depth of focus curves for
features in the corner of the field seeing the effects of three overlapping fields after OPC

a.) 51nm Hoya absorber b.) 70nm Hoya absorber c.) 84nm AGC absorber..................... 57




Figure 41. Simulated LCDU for 36nm dense CHs in the center of the field and in the
corner of the field after OPC..........oo i 59
Figure 42. Simulated CD for 36nm dense CHs for different REMA blade positions before
OPC a.)70nm Hoya absorber border b.) Etched ML border..........ccccoveviiiininiinienn 62
Figure 43. Simulated CD variation for different borders when shifting the REMA blade
after correcting with OPC at the nominal REMA blade position. ............ccccocevvininnnnns 63
Figure 44. Measurement of OoB component for IMEC’s NXE:3100...........cccccovvvvinenne 65
Figure 45. Simulated CD variation for etched ML border when OoB radiation varies after
correcting with OPC at the center of the O0B radiation range. ...........ccccceeevencrenenennnns 66

Figure 46. Thicker absorber border potential mitigation strategy. .........ccccocevevvenvnnnnnne. 68

Xi



LIST OF TABLES

Table 1. EUV and DUV reflectivity at 6° for four different border types............ccevene. 46
Table 2. Simulated 36nm dense CH process window results after correcting with OPC for
Field AQE BFFECLS. ....iiiee e 58
Table 3. Simulated 36nm dense CH process window results after correcting with OPC for
Field dgE BFFECLS. ....iiieiece e 59

Table 4. Flaremaps generated for multiple REMA blade positions...........c.ccccoevvviveinennnns 61

xii



1. Background

1.1 Historical Overview

We live in a world where we are always surrounded by technology, whether it is
computers, smart phones, tablets etc. As the demand for newer, faster and smaller devices
increases, the semiconductor industry continues to be the driving force behind these new
technologies. This industry was born in 1947 with the invention of the first transistor at
Bell labs [1]. Just ten years later the integrated circuit was invented [2]. Instead of having
large packaged discrete electronics, these devices could now be made smaller and all
placed together on a single substrate. At the same time, lithography techniques were

being developed to print these integrated circuits [3],[4].

Lithography is a process that involves the use of a template to print circuit
patterns onto actual devices. This process has been driving the semiconductor industry
since it was introduced [5],[6],[7]. In order to fabricate smaller, faster and more efficient
devices, the need for smaller line widths and higher density of features becomes essential.
In 1971, the first microprocessor held 2,300 10um transistors within 12mm? [8]; modern
microprocessors hold as many as 5 billion 22nm transistors within 363mm? [9]. The

shrink of device size and increase of packing density has been enabled by lithography.

1.2 Lithography




1.2.1 Image Formation

A typical projection lithography system is depicted in Figure 1. This basic system
implements Kohler illumination, which is the same method that optical microscopes
operate. In this type of system, the source is focused onto the pupil plane with the
purpose of imaging the mask pattern at the wafer plane. When the diffraction pattern
from the mask reaches the projection optics, it will be in the Fraunhofer region of
diffraction and the image formation at the wafer can be described using Fourier analysis

and synthesis [10], [11], [12].

Objective optics

----Oj:»

Point ™.,
source

Condenser Pupil Image/wafer
lens plane plane

Figure 1. Schematic of Koéhler illumination for optical lithography.

When discussing these systems it is the most simple to think of the mask as a
binary grating of infinite lines and spaces at a certain pitch (p) being illuminated by a
coherent point source at normal incidence. A mask like this can also be thought of as a
square wave or a rect function with width equal to half the pitch convolved with an
infinite sum of periodic delta functions. This mask can be described mathematically as a

function, m(x).
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Figure 2. Binary mask function with pitch p.

When light is diffracted by the mask, the integer number of diffraction orders (m) follow
the grating formula as:

A
sin@,, = im— @)
p
What is hidden by this equation is the fact that all orders are not of equal magnitude. The
diffracted light can be represented in frequency space as the Fourier transform of the

mask function in frequency space.

M) = F{m(x)} = —smc( ) Z 8 (u— nuy) A3)

n=-—oo

Where the frequency of the mask grating is represented as,

(4)




The comb function will produce impulse functions corresponding to each diffraction
order as defined by the diffraction equation whose amplitude is a function of the
encapsulating sinc function. Looking at the plot of this result (Figure 3), one can also
determine what diffraction orders will be captured by the objective lens. To determine
this one must first have an understanding of the definition of numerical aperture (NA).

The NA of a system can be better understood as

NA, = nsinb,, , ®)
where, n is the index of refraction of image recording media, in modern 193nm projection
systems the media used is water with an index of 1.44. The value of 6,, can be defined as
the collection angle of the objective optics. The maximum value of NA, that has been
achieved for optical lithography in a production environment is 1.35. The NA, can be
included on the plot of the Fourier transform of the mask function to show which orders
will be captured by the objective lens. To do this one must treat the objective lens as a
linear filter (H(u)) and it should be multiplied by the diffraction orders (M(u)) to act as
filter. Figure 4 shows how NA, can be plotted and only the diffracted orders within the

limits drawn are collected by the objective lens.




M(u)
12

I/n

-3/m

Figure 3. Fourier transform of the mask function in frequency space.

. A
1lf|u|<N7

H(u) = .
0if |ul >N7A

(6)



M(u)

0

Figure 4. Visualizing the objective lens as a linear filter.

Once this information is obtained, it is then possible to evaluate the electric field (E) and
therefor the irradiance of the aerial image (I=|E%). Using Fourier series expansion and
utilizing only the information captured by the objective lens one can construct the

resulting electric field as:

.
E(x) = % + %cos(Zﬂqu) - é cos(2m(3uy)x) + 52—” cos(2m(5ug)x) ... "

Each + diffraction order pair collected by the object lens contributes to one of the partial
sum terms in the Fourier series. To create an ideal replica image of the mask, all
diffraction orders must be collected; in reality this is impossible. To image in high
contrast photoresist, the high frequency information is not needed and only orders as high

as +1 are required.




Figure 5 shows how diffraction orders are collected by the objective lens while varying

NA,, how the resulting electric fields respond and finally the irradiance of the aerial

image.
M
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Figure 5. Impact of objective lens NA on imaging.

1.2.2 Resolution
The ultimate resolution of a diffraction limited system can be determined by the

Rayleigh criterion as shown in Equation (8) [13], [14].
8
R =2 ®)
NA,




In this equation, the resolution is the minimum half pitch that can be imaged, 4 is the
exposure wavelength, k; is a process dependent parameter with a lower limit of 0.25 and
NA, is the numerical aperture of the objective optics. For state-of-the-art production
technology, ArF excimer lasers emit deep-ultraviolet (DUV) light at 193nm as the
illumination wavelength [15]. The k; factor has historically been reduced by using
various resolution enhancement technologies (RET) such as phase shift masking (PSM)
[16], [17] off-axis illumination (OAI) [18], source polarization [19], source mask

optimization (SMO) [20], and optical proximity correction (OPC) [21].

To look further into the k; factor, we must look at its dependence on the partial
coherence of the system. Partial coherence, or o is defined as the ratio of condenser

optics NA to objective optics NA.

NA,
NA, 9)

Looking at the extremes of partially coherent imaging, a coherent system would have
0=0, while an incoherent system yields ¢=1. Changing the degree of partial coherence

also changes the k; factor as follows:

0.5
o+ 1

(10)




Now it is clear why the k; lower limit of 0.25 exists. This can only be achieved while
using completely incoherent illumination. Using this information the Raleigh criterion

can now be extended to include partial coherence.

0524
" (0 + N4, (11)

1.2.3 Modulation

Image modulation is also referred to as contrast. It provides a metric to analyze
the quality of the aerial image. Image modulation is defined as the normalized ratio of

maximum and minimum irradiance values.

Imax - Imin (12)

M =

Lnax + Inin
This metric gives a good starting point to understand the quality of a periodic image, but
for more complicated feature types it is difficult to define the maximum and minimum
irradiances. In these instances which are usually more common in practice, it is better to
use the normalized image logs slope (NILS) as a metric of image quality. This provides a
measurement of the slope of the aerial image at the location of where the feature edge is
targeted. Multiplying the image log slope (ILS) by the critical dimension (CD)
normalizes the equation to provide a metric than can be used to compare just about any

feature type and pitch.




61n1(x)xCD

NILS =
S ox

(13)

Another metric that is commonly used is mask error enhancement factor (MEEF).
MEEF is a metric related to NILS, and is typically used more when discussing OPC,
which will be defined in Section 1.2.6. MEEF describes the change in wafer CD as a
result of a changing mask CD. If an image has low NILS and therefore low image
modulation, then a small change in mask CD will have a dramatic impact on the wafer
CD. On the contrary, high NILS and high image modulation would provide more
tolerance to mask CD errors when imaging a desired CD. Equation (14) shows how

MEEF is calculated; R is the reduction ratio of the system.

MEEF = m (4
ACDmoLsk/R

1.2.4 Depth of Focus

Depth of focus (DOF) provides an additional criterion that needs to be satisfied
for each feature. This metric describes the amount of defocus that is acceptable when
imaging a certain feature. It is an important metric to consider when imaging multiple
feature types and for features with low image modulation. The resulting DOF is
dependent on a number of elements such as user defined values of acceptable CD
variation and exposure latitude (EL). Typical values include +5% for CD variation and
+10% for exposure latitude. DOF is also dependent on the resist; resists that are more

capable of imaging features from a poorly modulated aerial image will increase the DOF.

10



To measure the DOF of a system, a focus exposure matrix (FEM) is necessary.
Measurements can be made at multiple focus and exposure conditions to determine which
conditions provide an acceptable environment for the image to meet the specified CD
variation and exposure latitude conditions. As technology generations evolve, the trend is
going to shorter wavelengths to image smaller half pitches. This makes the job for the
resist more and more difficult [22] as DOF decreases linearly with short wavelengths and

quadratically with NA.

(15)
DOF x

NA?

An example of how depth of focus is analyzed can be seen in Figure 6 [23]. In
order to find the acceptable DOF for a full chip solution, these plots for different features
can be overlaid on top of one another and the DOF will be calculated from the smallest
remaining window. The center of this window will provide the best exposure energy and

best focus for the process.

11



Dose (mJ/icm2)

Focus (pum)

Figure 6. DOF calculated as the width of the red ellipse after evaluating the process window of multiple
features.

1.2.5 Flare
Flare is the defined as the total stray light in a system that reaches the image
plane, and can be included in the equations used to describe the formation of an image.
Flare (F) can be calculated as the ratio of dose in the ‘clear’ region over the dose in the
‘dark’ region as seen in equation (16) and depicted in Figure 7 [24].
(16)

S F
X z 6(x—np)+§

n=—oo

mp(x) = (1 — F)rect

NI R

12



mp(x)

1-F/2

EF/2

-1
Figure 7. Mask function exhibiting flare.

The Fourier transform of a constant bias results in a delta function. If a flare value such as
0.1 is used in this equation, one can simply add together the O order delta functions to
show that the 0 order term remains the same but the flare term in front of the sinc

function reduces the amplitude of all subsequent orders.

— (17)

1-F c F
Mgp(u) = F{im(x)} = > sinc (2Lu0> Z 6 (u—nuy) + ES(u)

n=—oo

To relate this back to the aerial image it is now possible to use Fourier series expansion to
show that amplitude of the cosines that make up the aerial image decreases as a result of

flare and therefore flare causes a loss of contrast.

Ip(x) = E +(1-F) [% cos(2mugx) — ;—ncos(2n(3u0)x) )
2

2
+ gcos(Zn(SuO)x) ]

13



This mathematical relationship is used to describe how flare effects imaging does not tell
the entire story. To delve deeper into the discussion it is important to understand where
flare is originated. For extreme-ultraviolet lithography (EUVL) flare is typically caused
by scattering due to low, mid and high spatial-frequency range (SFR) mirror surface
roughness. Flare has such a large impact on EUVL because scattering scales with
wavelength as 1/2%. Improvements have been made to state-of-the-art EUV systems to
operate with flare levels around 4-5%. The total integrated scatter (TIS) of a mirror can
be represented as shown in equation (19). Here, Ry is the theoretical reflectance of the
mirror, Ry is the root means squared (RMS) surface roughness of the mirror and 6; is the

angle of incidence [25].

TIS = R, 1—e‘( 2

411ch056i)2
(19)

When including flare into the calculation of the image, one must first evaluate the point
spread function (PSF) of the image. The PSF describes the quality of the imaging system,
specifically the degree of spreading or blurring of a point source through the system. In

this work, a single fractal model flare PSF will be used and is shown in equation (20).

K
PSF(r) = {yn+1’7 = Tmin 20)

0,7 < Tpmin

14



The modeling parameters (K, n, and rpi,) can be optimized when compared to
measurement data. K is referred to as a scaling parameter. The fractal exponent is
represented by n and describes the decay of the PSF. The value rnyi, is an obscuration
radius and corresponds to the radius at which the flare PSF ends and where the optical
PSF begins. By knowing the TIS and PSF of the system, flare can now be included in the
formation of a 2D image as shown in equation (21), where the function that describes the

impact of flare on imaging is shown in Figure 8.
(21)

Ip(x,y) = (1 = TIS)m(x,y) + PSF(r) @ m(x,y)

PSF(r)
AI-TIS

| | 0 | | r

Tmax Fmin Vinin Vnax

Figure 8. PSF and TIS function used to describe the impact of flare on imaging.

In EUV systems, accounting for flare is not trivial and must be included in the optical and
resist models to be used for OPC. To account for flare a full-chip layout is operated on as
seen in equation (21), resulting in a flare map. Using this method, OPC can be used to

compensate for flare effects.

15



1.2.6 OPC

For state-of-the-art device generations, OPC is required to print features at their
desired dimensions and also to increase their depth of focus. There are two flavors of
OPC that are often implemented together. One type of OPC uses sub-resolution assist
features (SRAFs) to equalize the background intensity modulation of different pitches to
enhance the total depth of focus of a full chip [26]. The other type of OPC (which will be
utilized in this study) is using serifs on the mask to change the shape of the main feature
to help it print to the desired shape and dimension [27]. Figure 9 shows an example

where both SRAFs and serifs are required.

o L .
? —
- [ ] [ 1 L ]
a) b)

Figure 9.a)Resist contour without OPC. b)Resist contour after OPC implementing SRAFs and serifs.
For this study a simplified version of this will be used since only contact holes will be

discussed. For EUVL, a simple biasing of contact holes is necessary to account for both

shadowing (which will be discussed in section 1.3.2) and flare effects.

1.3 EUV Lithography

16



1.3.1 System Overview

EUVL has been the most popular choice for next generation lithography for many
years. EUVL feasibility was investigated in the 1980’s, but it was not until around 2003
when EUVL took over as the most prevalent research activity for next generation
lithography [28]. The actinic wavelength used in this system is 13.5 nm. For the work
described in this thesis, the ASML NXE:3100 at IMEC will be used as part of the
experimental procedure. This tool uses a 0.25 NA partially coherent source with a ¢ of
0.81 and has resolved dense lines and spaces down to 22nm half pitch. Using equation
(8), it is possible to solve for the minimum k; for this system, resulting in a value of about

0.40.

One of the major differences between EUVL and optical projection lithography is
that refractive optics cannot be used for EUVL. EUV light is absorbed by nearly every
material including air, requiring the system to operate in vacuum [29]. Refractive optical
elements will also absorb EUV light, therefore; reflective mirrors using Bragg multilayer
(ML) reflector coatings are required to manipulate the light in the system and to increase

the NA. Even the mask itself must be reflective and must also be defect free.
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Figure 10. Schematic of ASML NXE:3100
A schematic of the NXE:3100 can be seen in Figure 10 [30], as shown there are

11 total reflection. Each mirror is limited to about 70% reflectivity resulting in a total
throughput of about 2% from source to wafer. This is one of the major challenges in
EUVL as it severely limits wafer throughput. This challenge directly relates to resist
technology development. In order to increase wafer throughput resist must be sensitive
enough to be exposed quickly but also not too quickly in order to limit shot noise [31].
Photomasks, source-power and resist are three of the main research and development

areas for EUVL.

1.3.2 Shadowing

As discussed previously, EUVL requires the use of multiple mirrors. Patterns are
defined on the ML mask as an additional etched absorber layer on top of the ML. The

illumination is non-telecentric at the mask due to oblique illumination, but is telecentric
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at the image plane. The illumination for the NXE:3100 requires a chief-ray-angle-at-
object (CRAO) of 6° [32]. Through slit, the azimuthal angle (¢) will vary about +25° but
the chief ray will still maintain an incident angle (6) of 6° for coherent illumination [33].
Therefore, the chief ray maintains the same incident angle, but it is actually rotating
through slit. Each orientation of a feature will see a different ‘effective’ incident angle as
described by the equation below, where « describes the orientation of the feature as

depicted in Figure 11 [33].

(22)
Ocrr(@, w) =06 cos(p + w)

Incidence angle € I
Scanner slit | - 4L =
I = 4’{; “7
Yau L% EUV light beams St height
‘ |
i z
H H \Y
Substrate Y
X

Figure 11. Schematic representation of how a EUV scanner creates shadow.

The effective incident angle for horizontal and vertical line/space features have been

calculated and plotted in Figure 12.
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Figure 12. Effective angle of incidence for horizontal and vertical lines.

Up to this point, this discussion is only taking into account coherent illumination.
If partially coherent illumination is to be used then we must expand the discussion
beyond only the chief ray. In reality there is an illumination cone with a range of incident
angles and in for off-axis illumination, there may be two cones (dipole) with ranges of
incident angles at different chief ray incident angles. Looking at a dipole source, there
will be two separate angles of incidence. One pole will produce a more acute angle of
incidence and the other will result in a more oblique angle of incidence. The former will

result in a weaker shadowing effect, while the latter will result in a stronger shadowing

effect as depicted in Figure 13 [32].
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Figure 13. Simplified geometric sketch of absorber shadowing, depicting the full range of incident angles
and their contribution to shadowing.

The non-telecentricity at the mask and the thickness of the absorber give rise to
asymmetries in the diffracted waves. This results in differences between the +1, and -1

diffracted orders both in magnitude and in phase (Figure 14).

Absorber

Multilayers

Figure 14. Shadowing resulting in asymmetries between +1 reflected diffraction orders.

These asymmetries result in pattern fidelity degradation such as discrepancies in image

CD and pattern placement [34], [35]. To suppress the shadowing effect it is desirable to

use thinner absorbers.
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1.3.3 REMA Blades

Reticle masking (REMA) blades are critical to the behavior at the field edge. In a
production environment, REMA blades are used to block off sections of the mask that
will not be exposed, and therefore surround the die that will be printed. To ensure none of
the image field is blocked by the REMA blades, a portion of the ‘dark’ image border is
exposed and its reflection will overlap a small portion of a neighboring die, as illustrated
in Figure 15; this field edge effect is commonly referred to as the black border effect. The
term black border refers to mitigation strategies that etch a non-reflective border into the
ML of the image border to prevent unwanted reflections; therefore the term black border
effect is a misnomer. For the sake of clarity, the term black border effect will not be used.

Instead the term field edge effect will be used (section 1.3.4).

Reticle

Image border

Neighboring Field Current Field

Figure 15. Illustration of image border reflections overlapping with neighboring die.

These REMA blades have tolerances associated with them and are not necessary placed

in the same location every time. This changes how far the field edge effect is extended
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into the neighboring field each time the REMA blades are reset. In addition the edge of
the blade does not result in a clean transition between light from the source and darkness;

there is a resulting penumbra (Figure 16).
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Figure 16. Illustration of REMA blade placement and resulting penumbra.
1.3.4 Field Edge Effect

One of the limiting factors in high volume manufacturing for EUVL is the field
edge effect. In order for high volume manufacturing (HVM) to be realized, die must be
able to be densely printed on a wafer to ensure there will be no empty wasted space, as
shown in Figure 17a. ldeally, there should be no reflection of EUV light from the
absorber of mask. In reality, this is not the case (Figure 17b). Since EUVL requires a
non-telecentric reflective optical system for operation, many EUVL specific challenges
arise. One of those challenges is shadowing. To limit shadowing, it is desirable to use a
thinner absorber. As the thickness of the absorber decreases, the reflectivity in the ideally
‘dark’ or ‘black’ region around the image field increases, resulting in a loss of contrast.
The region around the edge of the die on the mask of un-patterned absorber material

deposited on top of ML, known as the image border, is also susceptible to undesirable
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reflections in an ideally ‘dark’ region. For EUVL to be enabled for HVM, REMA blades
are used to shield light from the image border to allow for the printing of densely spaced
die. When die are printed densely, the image border of each neighboring die will overlap
with the edge of a given die resulting in an increase of dose that overexposes features at

the edge of the field. This phenomenon will be referred to as a field edge effect.

Image Field

Ideal absorber - 0% reflectivity
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Figure 17.a) Ideal die stitching. b) Actual die stitching showing overlapping image borders overexposing
the image field.

1.3.5 OoB Radiation

For certain field edge effect mitigation techniques, such as etching through the
ML in the image border, actinic-EUV reflections can be prevented at mask level, but out-
of-band (OoB) radiation still has a chance to reflect from the mask substrate. EUV
sources are designed to emit 13.5nm actinic-EUV radiation, but they are also known to
emit OoB radiation especially in the deep ultraviolet (DUV) range [36]. This OoB
radiation must also pass through the complex system of 11 mirrors optimized to reflect

EUV radiation, but the mirrors are also susceptible to DUV reflections (Figure 18) [37].
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Enough OoB radiation reaches the wafer surface to result in a small but measurable

contribution since most EUV resists are sensitive to OoB radiation.

0.8 EUV > 70%
0.6 -

0.4 4

Reflectance

0.2 4
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T T T T T T
1 10 100 1000 10000

wavelength (nm)
Figure 18. Theoretical reflectivity for Mo/Si ML mirrors.
1.3.6 Stochastic effects
Lithographic modeling to date has mostly used the continuum approximation which uses

continuous mathematics to describe the mean-field behavior as depicted in Figure 19a

[31], [38], [39].
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Figure 19. a.) Continuum approximation used in resist modeling. b.) Stochastic resist modeling showing
photon and resist reactant randomness.

However, in EUV lithography, the resist is designed to be very sensitive as a result of the
lack of source power, thus adding some randomness into the imaging. In some instances
when using ultra-sensitive resists, it is no longer acceptable to use continuous simulations
to analysis an image in resist. Since very few photons are being used to expose the resist,
the signal to noise (SNR) ratio is quite low as expressed in Equation (16), where N is the

number of photons.

N (23)
SNR = —=+N
VN
If the photons are thought of as discrete particles with some small randomness associated

with them it is possible to understand this concept. Think of a laser emitting many
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photons with some small randomness associated with them; at the image plane, they will
average together to produce the desired image. On the contrary, if only a few photons
with some small randomness are emitted at a time, then the averaging will not be as clear
and the randomness will be pronounced. This concept is known as shot noise [40]. In
addition, the resist reactants are discrete molecules and are randomly distributed within
the resist. Stochastic effects describe behaviors at the length scale of tens of nanometers
by taking into account the quantization of light and matter. Prolith Stochastic Resist
Modeling will be used in this work to simulate and analyze the local CD uniformity of

36nm dense contact holes as shown in Figure 20.

Figure 20. Four contact hole cross sections generated using Prolith Stochastic Resist Modeling (red=resist).
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2. Research Motivation

2.1 Problem

As device generations continue to shrink, optical lithography solutions are
continually being realized and extended. These solutions however, come with a price.
Double and multiple patterning solutions [41] may be able to print at the desired
technology nodes, but at the cost of multiple lithography and processing steps as well as
limiting the layouts of the standard cell library [42], [43]. EUVL offers a possible
solution to the problems that drive up the cost and complexity of 193i multiple

patterning. For EUVL to be a viable solution it must first be enabled for HVM.

One requirement to enable HVM is to have the capability to print densely spaced
die. What makes this difficult is that EUVL is constrained to use a non-telecentric
reflective optical system for operation. The design of this system creates many EUVL
specific challenges. 3D mask effects are one of the difficulties that can be reduced by the
use of a thinner absorber, but at the cost of less absorption. One of the difficulties that
arise from using a thin absorber is seen when dense die are printed; the image border of
each neighboring die will overlap with the edge of a given die resulting in an increase of
dose that overexposes features at the edge of the image field. The extra dose is convolved

with a fingerprint from the edge of the REMA blades, and results in a field edge effect.
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Mitigation strategies for field edge effects, such as an etched ML border [44], [45] can
help to reduce the issue but some residual effects still remain such as OoB radiation

reflecting from the mask substrate.

2.2 Objectives

This study will consist of two objectives. The first is to model the field edge
effects with an absorber border and ML etched border using Mentor Graphics’ Calibre
software. The second is to explore the limits of OPC when compensating for field edge
effects. Others have claimed that the field edge effects can simply be compensated for
with OPCJ46], but this approach is not trivial and will have its own unique obstacles [47].
The goal of this study is to uncover these obstacles and define what requirements exist

for OPC to be used as a compensation strategy.
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3. Approach

3.1 Experimental

3.1.1 ML etched mask

To enable HVM, field edge effects must be mitigated. A few strategies that are
available to explore include etching the ML in the image border, implementation of a
non-reflective absorber by using a complex absorber stack, thicker absorbers, the
development of REMA blades with improved accuracy and repeatability and sub-micron
penumbra range, OPC or some combination of these. The mitigation strategies that we
will be investigating in this study are to apply OPC both to a reticle with an absorber
border and also to an etched ML border. The etched ML border will surround the image
field in the same manner that a moat surrounds a castle. The moat will be etched with a
width of 2mm on the left and right sides of the mask and 3mm on the top and bottom.
Figure 21 shows a cross section of the etched ML border, as you can see the ML is
completely removed from this region, meaning no actinic-EUV light can reflect from this

region. If there are any reflections in this region, they will be from OoB radiation.
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Figure 21. Cross-section of etched ML border.
3.1.2 Dense CH Array Measurements

Dense contact hole (CH) measurements will be made using a half-pitch of 36nm.
This dimension was chosen for multiple reasons. First, this dimension is resolvable using
a conventional partially coherent source on the ASML NXE:3100, which would
maximize source power on a tool where photons are expensive. Second, this pitch is
representative of features that would be found near the edge of a die or in the scribe-lane.
Typically either dummy features, alignment marks or test features are imaged here, but
depending on the layer, it is possible to have extra logic or memory components found
here that are often used as a fail-safe for other devices. These 36nm dense CHs will be
arranged in such a way where they can be measured as a function of distance from the
edge of the field. To measure the field edge effect these dense CH test patterns will be

placed at the edge of the field and extending inward from the top, bottom, left, right and
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diagonally from the corner of the field as shown in Figure 22. The measurement positions
are illustrated as black lines. Measurements will be made both on a standard mask as well
as mask with and etched ML. Metrology will be completed on a Hitachi CG5000 CD-

SEM.

A | RN

Figure 22. Reticle layout showing measurement positions of 36nm dense contact holes in black.
3.1.3 Measuring OoB variability
IMEC has developed a unique and repeatable way of measuring the contribution
of OoB radiation in the NXE:3100 scanner. The process involves two mask blanks. One
containing only reflective ML with no absorber and the second is a mask black coated
with aluminum. The aluminum coated mask reflects almost 100% of OoB (DUV) light
and does not reflect EUV light well as shown in Figure 23 and Figure 24 respectively

[48].
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Figure 23. DUV reflectivity in multilayer, absorber and aluminum blanks.
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Figure 24. EUV reflectivity in aluminum.

If two wafers are now exposed, one with a ML blank and the other with the
aluminum blank, it is possible to take a ratio of DUV light to EUV light to find the
percentage of DUV light. This is done by finding the dose to clear for each exposure
(Figure 25) [49] and calculating the ratio of dose to clear from the ML blank over the

dose to clear from the aluminum blank and multiplying by 100.
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Figure 25. Dose to clear using both aluminum blank and multilayer blank.

3.2 Simulations

3.2.1 Field edge effect model fitting

In previous work, optical and resist models have been calibrated for contact holes
to account for both shadowing and flare effects [50]. This model was targeted towards
27nm dense CHs; 36nm dense CHs were included in the verification sample set. Using
the measurements of the contact holes as a function of distance from the edge of the field,
Mentor Graphics’ Calibre software can be used to generate flare maps that include field
edge effects, as shown in Figure 26. Using this software, it is fairly straightforward to add
a constant ring of dose around the edge of the flaremap and also to add a linear roll-off to
represent the REMA blade penumbra. To add these values, one must first optimize the
amount of dose around the edge using the measurement data. Next, the REMA blade roll-
off can be modeled just by implementing a simple linear term. These values should be

optimized for all edges to successfully predict the field edge effect in the corner of the die
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where the additional dose is the most extreme. Flaremaps will be generated and

optimized for both the standard mask as well as the ML etched mask.

Corner of field

Figure 26. Flaremap generation for field edge effects.
3.2.2 OPC

There have been previous studies to show how EDA software can model the field
edge effect and it has been assumed that since the effect can be modeled, OPC can be
used to compensate for it [46]. This may be true, but there have also been publications
showing poor OPC results based on this assumption[47]. The issues behind these results
have yet to be investigated further. Using the calibrated optical and resist models as well
as the optimized flaremaps, OPC will be completed using Mentor Graphics’ nmOPC
software to compensate for the field edge effect in the corners of the die. The corners of
the field will be the focus for this study since they represent the worst-case scenario. In

EUV, SRAFs have not been implemented for OPC yet therefore only biasing will be used
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to compensate for the field edge effect. As a result of shadowing, biasing will be unequal
in the x and y directions. In addition, OPC will account for pattern shift that is caused by
inequalities in + and — diffraction orders, also a result of shadowing. An example of how
a 36nm dense contact hole array is corrected for using OPC can be seen in Figure 27.
This result was found by moving the edges in and out and evaluating the aerial image at

each position until convergence on the best solution.

Target
OPC

Figure 27. Example of how OPC will be used to correct 36nm dense contact holes.
3.2.3 Image Quality
Once the OPC has been completed, all features will print to the 36nm specified
target dimension. Two features in particular will be compared to analyze image quality.
The inner most CH array, which should see no effect from field edges and the CH array
that is most effected by the field edge effect will be compared to evaluate how robust the
image quality is at either location. It is predicted that NILS will decrease towards the

edge of the field since there will be extra dose closer to the edge. This extra dose should
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behave the same way that flare does and should decrease the amplitude of all diffraction
orders except for the 0-order. It is expected that the image modulation should decrease as
well as the depth of focus. What will be important to note is the extent to which image
modulation and depth of focus are altered by the field edge effect. If the image quality is
too poor for OPC to compensate for the field edge effect then it can be concluded that
another mitigation technique such as etching the ML border is a necessity. In addition,
stochastic effects will be taken into account using Prolith Stochastic Resist Modeling to
analyze the local CD uniformity. It will be of interest to see how features seeing the field

edge effect that are corrected with OPC compare to features at the center of the field.

3.2.4 REMA Blade Positioning after OPC

One feature that can be modified in the flaremap generation is the REMA blade
placement. It is planned to carry out the OPC with the REMA blades placed in the
location that the measurements were taken at, this will be the nominal position.
Additional flaremaps will be generated at various REMA blade positions to evaluate the
effect that REMA blade positioning errors will have on the CDs for the CHs that have
been OPC’d for the nominal location of the REMA blades. Figure 28 shows how the
REMA blade could end up in different locations each time it is reset, where the red line
shows the nominal position. There is some tolerance associated with the REMA blade
tolerance and by simulation we can determine how strict the spec for this tolerance must

be.
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Figure 28. Illustration of how the REMA blade may vary from its nominal position.
3.2.5 Simulating OoB variability

Adding the OoB contribution to the flaremap can is not trivial. First, for the sake
of simplicity, this will only be done for the ML etched border scenario. In this case, if
there are any field edge effects then they will be assumed to be a result of OoB radiation..
For this, the value that is converged on through flaremap optimization to provide the
extra ring of dose represents our OoB contribution in terms of residual EUV reflectivity
(EUVcatibrated)- If the OoB contribution is known (O0Beasured) then a simple ratio can be
used to give an estimation of how the resist would respond to different OoB levels
(O0Bgesireq). Knowing this ratio, it is then possible to control the amount of OoB in the
simulations by using this ratio to calculate the input value (EUVine) for flaremap

generation for a desired OoB percentage, as shown in Equation (24).

(24)
EUVcalibrated _ EUVinput

OOBmeasured OOBdesired
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Knowing the OoB variability range, it is then possible to apply OPC at the
condition for the center of the range and then vary the OoB while generating subsequent
flaremaps. It will be of interest to study how the CD varies for different levels of OoB

and see what the CD variation is at the minimum and maximum Oo0B percentages.
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4. Results

4.1 CH measurements

Both the standard mask and ML etched mask have been fabricated with the arrays
of CHs that were previously described using a 70nm Hoya absorber. In addition, wafers
with 60nm of SEVR-165 photoresist have been exposed on the NXE:3100 and
measurements have been made at the field edges as well as the corners. Figure 29 shows
the results for all four corners of the field, there is about a 25% CD variation between the
field center and corner due to the field edge effect. These results also depict slight
asymmetries between the REMA blades, adding complexity to the modeling. The
asymmetries seen here are a result of two factors, the first being the REMA blade
placement accuracy and the second being the non-telecentricity at the mask plane. As
seen in the data, the measured asymmetries between the left and right edges exceed the
expected REMA placement error. The residual discrepancy seen here can be attributed to
the 6° incidence angle affecting the behavior of the REMA blade penumbra differently at

the left and right edges
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Figure 29. 36nm dense contact holes measured at distances extending diagonally from the corner of the
image field.

Exposures were also made with the ML-etched border mask as seen in Figure 30.
Here the CD variation is greatly reduced down to about 1nm, which is assumed to be
caused by OoB radiation reflecting off of the top surface of the mask substrate. Since
there is still a slight CD variation, OPC will still be required in combination with the
etched ML border. It should also be noted that there is slight CD shift in CHs at the
center of the field compared to the reticle without an etched ML border. This is attributed
to tool drift since exposures were made on different days. Although this seems to
suppress the field edge effect, using an etched ML border reticle adds complexity in an
industrial setting. The ML etch must first be evaluated to show that defects are not added
to the mask, and also the mask must be able to be cleaned using a standard process that

does not compromise the integrity of the etch.
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Figure 30. 36nm dense contact holes measured at distances extending diagonally from the corner of the
image field using a reticle with an etched ML border.

4.2 Modeling

4.2.1 70nm thick absorbers

To model the CH measurement from the 70nm Hoya absorber, the parameters that
are used to modify the constant ring of dose around the field edge and the linear roll-off
parameter to model the REMA blade penumbra were calibrated. After calibration, the
simulated CDs matched the measured with an RMS error of 0.475nm as shown in Figure

31.
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Figure 31. a.)Field edge effects from 70nm Hoya absorber at corner of the field modeled to fit measurement
data. b.) Calibrated flaremap showing measurement points in black.

The modeling seen here assumes only EUV radiation is present at the field edge.
In reality, there is actually EUV and some portion of DUV radiation reflecting from the
border region. This will need to be addressed when extrapolating the model to different

absorbers.

4.2.2 Etched ML border

The same type of model can be calibrated for a reticle with an etched ML border.
In this case, the calibrated values to model the REMA blade penumbra do not need to
change from the previous case. The only value that needs to be calibrated is the extra
dose provided around the edge of the layout that affects the total CD shift. It is assumed
that the CD variation near the field edge is cause by OoB radiation reflecting from the
substrate. The Mentor Graphics software does not model OoB radiation, but we can still
model the measurement results by treating it as residual EUV radiation. This results in a

close fit to measurement values (Figure 32), and it would then be possible to vary the
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OoB percentage by taking a ratio of the measured OoB for the measurement points and

taking a ratio of OoB to the calibrated residual EUV radiation.
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Figure 32. a.)Field edge effects from etched ML border at corner of the field modeled to fit measurement
data. b.) Calibrated flaremap showing measurement points in black.

4.2.3 Extrapolating to 51nm and 84nm absorbers

To extrapolate the modeling results to different absorbers, both the EUV and DUV
reflectivity must be known. What is desired when extrapolating to different absorbers is
the expected CD shift. The EUV absorber reflectivity for each absorber at 6° incidence

was simulated as shown in Figure 33 using Sentarus-Litho EUV.
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Figure 33. EUV absorber reflectivity for three different absorber types.
It is assumed that the ML etched border has a negligible amount of EUV reflectivity.

It is not trivial to specify the amount of DUV reflectivity in the border region. The
photoresist is sensitive to DUV wavelengths, but the sensitivity varies throughout entire
spectrum. The amount of DUV reflectivity from the absorber also varies throughout the
spectrum. From Figure 23, an average value of 15% for all absorbers will be used for the
extrapolation to simplify the calculation. From measurements, the etched ML DUV
reflectivity is about 6%. These approximations are also consistent with values used in

similar studies [51].

Border type EUV Reflectivity | DUV Reflectivity
51nm Hoya absorber 3.98% 15%
70nm Hoya absorber 1.45% 15%
84nm AGC absorber 0.35% 15%
Etched ML 0% 6%

Table 1. EUV and DUV reflectivity at 6° for four different border types.
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This makes the assumption that the percentage of reflectivity through the entire
spectrum is constant, which is not true, but will give an approximate value of expected
CD shift. Using the 70nm absorber and etched ML cases, one can estimate the EUV and
DUV sensitivities in terms of nm per percent of reflectivity. These sensitivities can then

be used to give an approximation of CD shift for different absorbers.

First, to determine the DUV sensitivity (in units of nm per percent of ML
reflectivity), the etched ML case will be evaluated with three overlapping fields resulting

ina 1.2nm CD shift.

(25)
3(6% * DUVgpps) = 1.2nm

nm
DUV, = 0.067 —2 (26)
%

Assuming EUV reflectivity is negligible for the etched ML case, the DUV sensitivity can
easily be solved for. Using this value in the 70nm absorber border case with three

overlapping fields, the EUV sensitivity can then be solved for.

@7)
3(1.45% * EUVypps + 15% * DUV;,ps) = 9.5nm

nm (28)

EUVsens = 1.49 -

Using these values along with the corresponding EUV and DUV reflectivity, this model
can now be extrapolated to different absorbers. The expected CD shifts from a 51nm

Hoya and 84nm AGC absorbers are calculated in Equations (29) and (30) respectively.
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(29)
3(3.98% * EUVions + 15% * DUV,pns) = 20.8nm

3(0.35% x EUVyons + 15% * DUVipps) = 4.6nm (30)

By extrapolating the model to different absorbers, the field edge effect for three

overlapping borders in the corner of the field can be predicted for each case as seen in

Figure 34.
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Figure 34. a.)Model extrapolated to three different absorber types. b.) Simulated CD comparison between
features in the center of the field features at the corner of the field.

Investigating three different absorbers, 51nm Hoya, 70nm Hoya and 84nm Asahi Glass
(AGC) it is possible to determine the best strategy for field edge effect compensation for
each case. For the 51nm Hoya absorber, the 36nm dense CH features become
unresolvable. This is consistent with similar experimental results but for lines and spaces
[51]. As shown, the 84nm AGC absorber suppresses the CD variation significantly but

will still be worse than the etched ML border solution. It can be concluded that the model
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can predict the field edge effect for different absorber types using an approximation for

the expected CD shift.

4.2.4 OPC

For this study, OPC will be used to provide simple biasing for the design

correction of CHs. The results seen here are from a dark field mask, therefore to

compensate for additional dose, the design of the contact holes must shrink. Also, since

the extra dose from the field edge effect is lumped into the flaremap, it is relevant to

discuss how the CD bias applied from the OPC is a function of flare. As shown in Figure

35, as flare increases, the magnitude of the required CD bias also increases.

CD bias (nm)

Field edge effect compensation

u

~

—o— X Bias

==Y Bias

6
Flare (%)

Figure 35. CD bias after applying OPC as a function of flare (field edge effects are lumped into flare).

The difference in the X and Y bias is a result of shadowing, since a 3D mask

model is being used to apply the OPC. Comparing the bias required for a 70nm Hoya
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absorber border and the etched ML border (Figure 36), there is a large difference in the

bias required to match the printed target CD.

X = CD bias
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Figure 36. CD bias after applying OPC for a 70nm absorber border and an etched ML border.

For the etched ML border, less than 2nm of bias is required, and is a fairly
standard amount of bias that is typically seen for OPC. For the absorber border case,
about 6nm of bias is required; now this raises some questions. 6nm of CD bias is quite
large, so one must investigate how the need for such a large correction impacts the image
quality of the contact holes. OPC was also applied to the 51nm Hoya and 84nm AGC

absorbers.

4.3 Requirements for design correction
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4.3.1 Good image quality

43.11 Aerial image

The first domain that will be evaluated for image quality will be the aerial image.
After OPC is applied, 36nm dense CHs at the center of the field will be compared to the
worst case scenario of 36nm dense CHs at the corner of the field seeing field edge effects
from three overlapping neighboring fields. A calibrated Prolith resist model and 3D mask
models are used for the image quality analysis. The source conditions for this simulation
correspond to the measurements made on the NXE:3100 with an NA of 0.25 using
conventional illumination with a ¢ of 0.81. By changing the optical constants of the mask
and the material thickness, different absorber types can be used in Prolith. The field edge
effect will be lumped into the DC flare level the same way that it was using the Mentor
Graphics software. For each absorber type, the aerial image was computed after OPC for
features at the center of the field and those most influenced by the field edge effect
located at the corner of the field (Figure 37). The NILS for each case is calculated as
shown in Figure 38. For the 70nm Hoya and the 84nm AGC absorber the contrast
degrades and therefore NILS, but NILS is still greater than 2, giving an indication that the
image quality should be reasonable if OPC is going to be used to correct for field edge
effects. The 51nm Hoya absorber shows a large degradation in contrast, resulting in NILS
less than 1 for an OPC corrected feature at the corner of the field. From this, it is possible
to predict that for a 51nm Hoya absorber, using only OPC to compensate for field edge
effects may not be a reasonable solution and some additional mitigation strategy (such as

etched ML border) would be required.
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Figure 37. Aerial image comparison between 36nm dense CHs at the center of the field vs. features at the

corner of the field for three different absorbers a.) 51nm Hoya b.) 70nm Hoya c.) 84nm AGC.
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Figure 38. NILS corresponding to the simulated aerial image for 36nm dense CHs at the center of the field
and features at the corner of the field after OPC corresponding to three different absorbers.

43.1.2 Process window
To analyze the imaging quality through process window, one must first decide
which metric will be used to define the acceptable tolerance. For 36nm dense contact
holes, the main quantity that will be compared will be depth of focus at 10% exposure
latitude. The minimum acceptable depth of focus for this study is 100nm. To analyze the
process window, a focus exposure matrix was simulated in Prolith using a calibrated
resist model and a 3D mask model. Figure 39 illustrates the simulated process window

that is available for features in the corner of the field after OPC.
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Figure 39. Simulated 36nm dense CH process window for features in the corner of the field seeing the
effects of three overlapping fields after OPC a.) 51nm Hoya absorber b.) 70nm Hoya absorber ¢.) 84nm

AGC absorber

For the 51nm Hoya reticle, the sidewall angle constraint was not included in the

analysis for the sake of discussion since it originally resulted in no available process

window. From these plots, it is possible to extract the best focus and dose condition for

the features, but it gives more a qualitative description of the actual process window. In

an attempt to better quantify the results, the depth of focus for different exposure latitudes

was plotted. Now it is possible to extract the maximum EL and DOF values as well as the

DOF at 10% exposure latitude. Figure 40 shows how each reticle behaves differently

when features in the corner of the field are corrected for using OPC.
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Figure 40. Simulated 36nm dense CH exposure latitude vs. depth of focus curves for features in the corner
of the field seeing the effects of three overlapping fields after OPC a.) 51nm Hoya absorber b.) 70nm Hoya
absorber ¢.) 84nm AGC absorber

Comparing these results with features in the center of the field, there is
degradation in exposure latitude and depth of focus. The degree of degradation is what
makes each case unique. For the 51nm Hoya absorber, there is more reflection from the
border region resulting in less contrast and therefore reducing the process window below
the 100nm DOF requirement at 10% EL. This proves that OPC cannot correct for field
edge effects for the 51nm Hoya absorber; there must be an additional mitigation strategy
such as the etched ML border. For the 70nm Hoya absorber there is degradation in
exposure latitude and depth of focus and about a 50nm loss in depth of focus at 10%
exposure latitude. This still meets the process window requirement, so in terms of
contrast and process window, it would be acceptable for a 70nm Hoya absorber border to
be corrected for with OPC. The same is true for the 84nm AGC absorber, there is only a

22nm degradation in depth of focus at 10% exposure latitude. The quantitative process
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window results after OPC at the center and at the corner of the field have been

summarized in Table 2.

Absorber type | Field Location | Max EL | Max DOF |DOF @ 10% EL

51nm Hoya Center 21.1% 305nm 272nm
Corner 8.7% 192nm Onm

70nm Hoya Center 23.3% 330nm 300nm
Corner 17.8% 266nm 250nm

84nm AGC Center 23.0% 328nm 300nm
Corner 20.7% 311nm 278nm

Table 2. Simulated 36nm dense CH process wienf(:gé/;/&results after correcting with OPC for field edge

43.1.3 Stochastic effect on LCDU

Since EUV is currently struggling with low source power, photoresists have been
developed to be very sensitive. This enables good contrast with only a minimal amount of
photons. The drawback of having such high sensitivity photoresist is that it begins to
show properties of a stochastic system. When using only a minimal amount of photons to
expose the resist, they all might not land in the desired location to generate the proper
image; this is known as photon shot noise. To investigate the stochastic effects on the
local CD uniformity (LCDU), a random variable in Prolith was turned on to enable
stochastic effects and the CD in the resist was simulated 50 times for each contact hole.
This includes all three absorbers, at the center and at the corner of the field after OPC. It
is predicted that features in the corner of the field will show enhanced roughness and
more local variability in the field corner due to a decrease in contrast. The results of the

simulations can be seen in Figure 41 and summarized in Table 3.
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Figure 41. Simulated LCDU for 36nm dense CHs in the center of the field and in the corner of the field
after OPC.

Absorber type A 16 LCDU

51nm Hoya >4nm

70nm Hoya 0.48nm

84nm AGC 0.07nm

Table 3. Simulated 36nm dense CH process window results after correcting with OPC for field edge
effects.

As expected, the 51nm Hoya absorber shows high LCDU for features in the

corner of the field. This is due to low aerial image contrast forming a wider distribution
for the photons to land, resulting in high variability. For the 70nm Hoya absorber, an
increase of 1o LCDU of 0.48nm might not seem like a large impact, but looking at this in
terms of 3o variability, it actually increases about 1.5nm. Having such a large variability
does not support an OPC only solution to compensate for field edge effects for the 70nm
Hoya absorber. On the contrary, the 84nm AGC absorber suppresses stochastic effects on

LCDU for features in the corner of the field. There is a slight degradation of 0.07nm 1o
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LCDU, but this would be acceptable for the application of OPC to compensate for field
edge effects. The degradation due to stochastic effects all stem from aerial image
contrast. As contrast decreases, the distribution that we would expect to see photons

widens and therefore results in more variability.

4.3.2 Stable REMA blade position

With the ability to simulate multiple REMA blade positions it is possible to
investigate the effect that the REMA blade positioning error would have on OPC. The
first thing to note is that if the accuracy value is known, it can be calibrated for, so the
only error that would be left over will be from the precision of the REMA blades. So if
the 36nm dense contact holes are corrected for with OPC at the center of the distribution,
this will give the best performance when taking into account REMA blade positioning
errors. Table 4 shows examples of moving the REMA blades in and out 50um for the
70nm Hoya absorber case as well as the etched ML border case with the flaremaps

generated for each case on the same scale.
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Relative position

-50pum Nominal +50pm
Leaky absorber
border
Etched ML
border

Table 4. Flaremaps generated for multiple REMA blade positions.
After generating a library of flaremaps, it is now possible to see how the CDs of

36nm dense CHs would respond to different REMA blade settings before OPC is applied.
Figure 42 shows simulated CDs corresponding to the cases shown in Table 4 without any

OPC applied.
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Figure 42. Simulated CD for 36nm dense CHs for different REMA blade positions before OPC a.)70nm
Hoya absorber border b.) Etched ML border.

For the 70nm Hoya absorber, changing the REMA blade position has a large
impact on the CD, where the simulated CD curve shifts laterally left and right. It is not an
exact lateral translation since there is an artifact of the point spread function of the
scanner present as shown in Figure 42a the -50um REMA blade position shows a dip in
the CD at a location of 450um from the corner of the field. The effect of the point spread
function on flare is reduced at the edge of the field due to the less superposition from the
convolution of the layout and point spread function at the edges of the field. Figure 42b
shows the results of shifting the REMA blades for an etched ML border. In this case,
there is much less variability and therefore it is possible to predict that REMA blade

positioning errors will have less of an impact on the OPC for the etched ML border case.

If the OPC is applied at the center of the REMA blade precision distribution and
then the REMA blade changes position, the CD error can be simulated to show the
expected error for the conditions measured at IMEC. This was done for three cases 70nm

Hoya absorber, 84nm AGC absorber and the etched ML border. For OPC to be a
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plausible solution, it must have a simulated CD error of <1%. The results of this

simulation can be seen in Figure 43.
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Figure 43. Simulated CD variation for different borders when shifting the REMA blade after correcting
with OPC at the nominal REMA blade position.

The axis labeled ‘Maximum CD variation’ refers to the maximum CD variation simulated
for all measurement points from the center of the field to the corner of the field. For the
70nm absorber, the simulated CD error reaches 1% with a REMA blade position error of
+/- 5p. In order for OPC to be a viable correction technique for the 70nm absorber, the
REMA blade precision spec must be <5um, otherwise a mitigation strategy such as an
etched ML border is required. For the 84nm absorber, the simulated CD error reaches 1%

with a REMA blade position error of +/- 15um. The 84nm absorber border would be able
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to support an OPC solution with a more relaxed REMA blade precision spec of 15um. In
the case of the etched ML border, the simulated CD error stays <1% up to a position error
of 40pm. The 70nm absorber border would require a tighter REMA blade position
precision spec, this spec relaxes for the thicker 84nm absorber, and the etched ML border

is the most tolerant to positioning errors.

4.3.3 Stable OoB contribution

In this study the OoB contribution will only be evaluated for the etched ML
border for the sake of simplicity. It is assumed that only OoB radiation is reflecting from
the substrate of the etched ML border and is the sole cause of the field edge effects for
this case. The OoB contribution will be modeled as residual EUV radiation. As shown in
Figure 32, it is possible to calibrate a flaremap to model the field edge effects for the
etched ML border case. Using the method described in section 3.2.5, the amount of OoB
can be controlled for simulation purposes. Over time, IMEC has made OoB radiation
measurements on their ASML NXE:3100 that uses a discharge produced plasma (DPP)
source. These measurements were made as described in section 3.1.3. Over the course of
a year OoB measurements (Figure 44) have been made on the tool to show an OoB

contribution ranging from 1.6% to 3.5% [52].
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Figure 44. Measurement of OoB component for IMEC’s NXE:3100.
Knowing this range, it is possible to make an estimation of how the contact hole

CD will change by changing the percentage of OoB. It will be assumed that the
measurement data for the etched ML border is at the center of the OoB range to provide
the best conditions to apply OPC at. With the OPC completed for this condition for
contact holes in the upper left corner of the field, the OoB will then be varied to see how
much OoB variability would be tolerable. Figure 45 shows how the CD of the 36nm
dense contact holes will be affected by any OoB variability. The red bar shows the range
for the expected OoB variability for this tool. From this, one can expect up to 1.7% CD
error, which is too high for this application. To keep the CD variation below 1% the total
range of OoB contribution must be kept below 1%. Therefore, further improvements to
the source are required. It will be of interest to also evaluate the OoB contribution from a

LPP source.
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Figure 45. Simulated CD variation for etched ML border when OoB radiation varies after correcting with
OPC at the center of the OoB radiation range.
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5. Alternative Mitigation Strategy

As learned from this study, mitigating field edge effects can be done by
suppressing the EUV and OoB (DUV) reflectivity in the border region. Field edge effects
are a direct result of this reflectivity, and act in a similar fashion to flare. For features
seeing these effects, their contrast will reduce and CD will change depending on the
amount of reflectivity in the border region. Reducing the reflectivity in the border region
also suppresses the CD sensitivity to REMA blade positioning errors. OPC can only be
used conservatively for corrections of field edge effects. From the results of this work, a
new mitigation strategy competitive to the etched ML border should be investigated. One
idea would be to apply a thicker absorber to reduce EUV and potentially DUV
reflectivity, but only in the border region (Figure 46). This would reduce the field edge
effect, while still limiting the amount of shadowing that is seen inside the field. The only
drawback of this option is the manufacturability. To manufacture a reticle with two
different absorber thicknesses would require an etch-stop layer to produce two different

absorber thicknesses.
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6. Conclusions

To enable high volume manufacturing for EUV lithography, field edge effects
must be mitigated. As the insertion point of EUV lithography continues to be pushed
further and further back, some of the key problems preventing its insertion must be
uncovered and solved. This thesis introduced the concept of field edge effects and
provided some insight into how one could correct for these effects. OPC offers one
possible solution, but its feasibility had not been investigated before this work. Three
reticles were studied since each one results in different magnitudes of field edge effects.
Measurements were made on the NXE:3100 using one of the reticles to prove that the
field edge effects could be modeled physically, and therefore it was possible to
extrapolate the modeling to other reticles. Correction with OPC was also investigated to
see if it could be used in combination with another mitigation strategy that utilizes an
etched ML border. For each case, the image quality was analyzed to see if applying OPC
corrections is even feasible. In addition, the sensitivity to REMA blade positioning errors
was also discussed. Furthermore, for the etched ML border, the effect of OoB variability
was studied to show its impact on the printed CD. It was concluded that for each reticle a
slightly different mitigation strategy would be required. Therefore, one solution would
not be sufficient and the best strategy would be reticle dependent. Not only did this work
uncover some possible solutions using existing technology, but an additional mitigation

strategy was also discussed as a result of the learnings from this investigation.
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Two masks were used to make exposures on the NXE:3100 at IMEC. One was a
Hoya reticle with a 70nm absorber and the second was a Hoya reticle with a 70nm
absorber with an etched ML border to eliminate EUV reflections in the border region.
36nm dense contact holes were printed at various distances from the field edges and
corners. The 70nm Hoya absorber showed a 25% increase in CD from the center of the
field to the corner as a result of three overlapping neighboring fields. The etched ML
border reticle was expected to show no CD change but actually resulted in a 2.5% CD
shift from field center to corner. This was assumed to be the result of OoB radiation
reflecting off the mask substrate. Over time, this OoB radiation was measured to monitor
how it varied over time, and was measured to vary randomly anywhere from 1.5% to

3.6%.

For the 70nm Hoya reticle, measurements were made and Mentor Graphics’
Calibre software was used to fit a model to this data. Knowing the absorber EUV and
DUV reflectivity it is possible to extrapolate this model to other reticles, and that was
done for a 51nm Hoya absorber and also an 84nm AGC absorber. The model was also
calibrated to fit to the etched ML border data. For each case, it was assumed that the
models were for data at the center of the expected REMA blade position distribution and
also at the center of the OoB variability range. This provided the best possible location to

apply OPC at.

Next, the image quality was studied for each reticle after being corrected with

OPC, bhoth at the center of the field and then in the corner of the field where three
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overlapping fields provided a worst case scenario. For the 51nm Hoya absorber and 70nm
Hoya absorber, a loss in contrast prevented the feasibility of correcting for field edge
effects with OPC. In the 51nm Hoya absorber case, this shrunk the process window
below the requirements. For the 70nm Hoya absorber, a significant degradation in LCDU
was the main factor preventing OPC correction in the corner of the field. On the contrary,
the 84nm AGC absorber maintained good image quality to enable correction of field edge

effects with OPC.

The REMA blade positioning errors were then studied to investigate the impact
they would have on an OPC corrected field corner. After OPC correction with a nominal
REMA blade position, it was concluded that the 70nm Hoya absorber would require
tighter specifications of <5um precision on the REMA blades to provide an acceptable
solution. Out of all of the absorber borders, the 84nm AGC absorber performed the best
for the measured REMA blade precision values, requiring a REMA blade precision spec
of about 15 um. The etched ML border reticle actually had the least CD variation from

REMA blade positioning errors.

In terms of OoB stability, only the etched ML border reticle was investigated. The
OoB contribution was controlled by adjusting the ratio of the residual EUV to the desired
OoB contribution. It was assumed that the OPC correction was for an OoB contribution
that was at the center of the measured range. The percentage of OoB was then varied
across this range to see the impact that it would have on the CD. At the edge of the range,

a 1.7% CD error was found, which would be too high for this application. To keep the
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CD variability below 1%, the total OoB variability range would need to be limited to

<1%.

To summarize the results of this work, each reticle would require a different
mitigation strategy. To mitigate the field edge effects, the 51nm Hoya and 70nm Hoya
absorbers would not be correctable solely with OPC but would require an additional
mitigation strategy such as etching the ML in the border region. If the etched ML border
solution were to be implemented it would require a tighter specification on the OoB
variability than what was measured from the DPP source at IMEC. The 84nm AGC
absorber would require only correction with OPC and results in good image quality and

would require a looser REMA blade tolerance spec.

Mitigating field edge effects depends completely on the reflectivity of EUV and
OoB radiation in the border region of the reticle. The 84nm AGC absorber results in the
least amount of EUV reflectivity and therefore the field edge effects can possibly be
corrected for with OPC alone. The 51nm and 70nm Hoya absorbers have a bit higher
EUV reflectivity and would therefore require an additional mitigation strategy such as the
etched ML border, which still has results in a measurable field edge effect from OoB

radiation.

This thesis shows that through simulation, OPC can be used to correct for field
edge effects, but the fashion that it is applied is reticle dependent. Going forward, it is
desirable to only have to rely on OPC conservatively since it may add minimal but still

unwanted errors from the REMA blade positioning and also creates a problem when
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printing die at the edges of the wafer that do not have overlapping neighboring fields.
These die at the edges of the wafer would require different OPC. In addition, it is not
desirable to use thicker absorbers since they result in additional shadowing errors. This
leaves room for lithographers to be creative. At some point, the field edge effect should
be mitigated entirely without OPC, one idea to do this would be to implement a reticle

with a thick absorber only in the border region.
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