Characterization of the latent image to developed image in model EUV
photoresists

John T. Woodward', Kwang-Woo Choi?®, Vivek M. Prabhu?, Shuhui Kang?,
Kristopher Lavery?, Wen-li Wu?, Michael Leeson®, Anuja De Silva’,
Nelson M. Felix*, Christopher K. Ober*

Optical Technology Division and ?Polymers Division,

National Institute of Sandards and Technology, 100 Bureau Dr. Gaithersburg, Maryland 20899
3Intel Corporation, 2200 Mission College Blvd, Santa Clara, California 95054
“Cornell University, Materials Science & Engineering, 310 Bard Hall,

Ithaca, New York 14853-1501

ABSTRACT

Current extreme ultraviolet (EUV) photoresist materials do not yet meet performance requirements on exposure-dose
sengitivity, line-width roughness, and resolution. In order to quantify how these trade-offs are related to the materials
properties of theresist and processing conditions, advanced measurements and fundamental studies arerequired that
consider EUV-resist specific problems. In this paper, we focus on the correlations between the latent image and
developed imagein EUV exposed line/space features. The latent images of isolated lines produced by EUV lithography
are characterized by atomic force microscopy through the change in topology caused by changein film thickness that
occurs upon deprotection. The resulting latent-image deprotection gradient (DG,), based on line cross-sections, and
latent-image line-width roughness (LWR\) provide metrics and ing ght into ways to optimize the lithographic process.
Theresultsfrom amode poly(hydroxystyrene-co-tert-butylacrylate) resist and amodel calix[4]resorcinarene molecul ar
glasstyperesist show the genera applicability of the metric before devel opment.

K eywor ds: atomic force microscopy, EUV photoresists, latent image, line width roughness

1. INTRODUCTION

Current EUV photoresist materials must simultaneously meet dose sensitivity, line-width roughness (LWR) and
resolution performance regquirements for implementation in sub-32 nm lithography.  Development of advanced
chemically amplified photoresists includes optimizing formulations for photoresist chemical composition, photoacid
generator, and base quencher additive. This approach typically is done with full-scale photolithography using standard
development and analysis of line/space features in terms of critical dimension and line-width roughness as a function of
dose and focus. However, due to alack of sufficient specialized facilities such as EUVL steppers, micro-exposure tools,
or interferometric lithography tools this approach may not be immediately feasible as was testing with 193 nm
lithography. Independent of either DUV or EUV lithography the quality of the latent image and mechanism of
development are general to the lithographic process and impact feature fiddity, such as LWR.

Materials causes of line-width roughness are due to the interdependent photolithography process steps, which can be
separated into two groups, those that define the internal deprotection interface (latent image) and those that control the
dissolution process (development). The first includes the important details concerning the exposed aerial image,
photoacid generation mechanisms, and during the bake step, photoacid reaction and diffusion which resultsin an image
blur effect. The photoresist chemistry and mechanisms of controlling the latent image quality have been established for
polymer photoresists with quantitative measurements and model materials’ The aqueous hydroxide devel opment step,

Advances in Resist Materials and Processing Technology XXV, edited by Clifford L. Henderson,
Proc. of SPIE Vol. 6923, 69232B, (2008) - 0277-786X/08/$18 - doi: 10.1117/12.773036

Proc. of SPIE Vol. 6923 69232B-1



controlled by photoresist composition and devel oper strength, remains strongly dependent upon the latent image which
defines a small fraction of resist material which may swell, but not dissolve as recently observed.??

This paper focuses on using a unique EUV facility and performing a systematic study of the latent image of isolated lines
from 100 nm to 20 nm. Latent images have been examined previousy with near-field Fourier transform vibrationa
spectroscopy”, scanning electron microscopy®, neutron reflectivity®®°%°, and scanned probe methods. ™23 We use
atomic force microscopy (AFM) (a scanned-probe technique) to image the topology of EUV lithography exposed, but
not developed, model resists in order to identify sources of LWR. AFM provides a non-destructive, high resolution
technique with topological and spatial sendtivity to characterize the latent image. While AFM has been used in limited
capacity specifically as a CD metrology, we demonstrate its applicability as a measurement method to quantify the latent
image deprotection gradient (DG,) and line-width roughness (LWR.). We are able to test the hypothesis that a higher
DG, leads to improved LWR,. However, we uncover that the trends do not map to the developed LWR. We
demonstrate that both a model polymer ESCAP and molecular glass resist have similar behavior despite their very
different architectures. Therefore, we conclude that the choice of molecular architecture does not fundamentally
improve the quality of the latent image and elimination of LWR. By measuring the DG, one may develop a resist
independent parameter to compare the relative merits of different resist platforms.

1
Dose Profile T
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Figure 1. Schematic of the lithography process highlighting a change in film thickness due to deprotection. The height change in the
latent image is proportiona to deprotection extent which is profiled by AFM for isolated lines.

2. METHODOLOGY'

21 M odel Resists

Two architectures of photoresists were examined. The first was a model polymeric ESCAP-type resist’ consisting of a
49:51 poly(hydroxystyrene-co-tert-butylacrylate).®*® The second was a calix[4]resorcinarene molecular glass (MG) type
resist fully protected with tert-butoxycarbonyl (t-BOC) groups.® Schematics of the acid catalyzed reaction for both
architectures are shown in Figure 2. Both resists were formulated with 5 % by mass triphenylsulfonium
perfluorobutanesul fonate (TPS-PFBS) photoacid generator without any base additives. All samples were spun cast onto
hexamethyl disilazane primed silicon wafers from solutions of propylene glycol methyl ether acetate to a thickness of
100 nm followed by post apply bake for 60 s at 130 °C for model ESCAP and 60 s at 100 °C for MG. A post exposure
bake (PEB) at 90°C for 30 swas performed on both samples.

" Certain commercial equipment, instruments, or materials are identified in this paper to specify the experimental procedure
adequately. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and
Technology, nor isit intended to imply that the materias or equipment identified are necessarily the best avail able for the purpose.
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Figure 2. Acid catalyzed deprotection reaction of (a) poly(hydroxystyrene-co-tert-butyl acrylate) P(HOSt-co-tBA) —Model ESCAP
and (b) Caix(4) resorcinarene-t-BOC (Molecular Glass)

2.2 Exposure

Samples were exposed at the Lawrence Berkeley National Laboratory (LBNL) Advanced Light Source 0.3 NA
(numerical aperture) EUV micro-field exposure tool (MET) with annular illumination (0.3 / 0.55).7"*® A series of
exposuresin 1 mJycm? steps and several focuses were taken on each sample. A dark field mask consisting of a variety of
test patterns was used. After resist film preparation, post-apply, and post-exposure bake the samples were returned to
NIST for analysis of the latent images prior to development. One sample was developed at LBNL to determine best
focus.

2.3 L atent and Developed Image Analysis

Latent images were analyzed using an atomic force microscope (MFP-3D, Asylum Research) in intermittent contact
mode using silicon tips with a spring constant of 16 N/m and aradius of curvature < 10 nm. For developed images, tips
with an electron-beam deposited, amorphous carbon spike (DP14/sting, MikroMasch) with a’5 N/m spring constant and
4 nm radius of curvature were used. These tips have an aspect ratio of at least 4:1 that alows improved imaging of the
100 nm deep trenches found on the developed samples. Samples were dried under nitrogen before imaging to reduce
long range attractive forces.

Images were taken of isolated lines with nominal widths of 20 nm, 40 nm, 60 nm, and 100 nm over arange of exposure
doses at optimal focus. 1 micron wide and 2 micron tall mages were taken with 1024 points along each scan line and
512 scan lines. Thusthe pixdl dendty is approximately 1 nm/pixel for each scan acrossthe line with each scan line taken
every 4 nm aong the lithographic feature. After the latent image data was collected, the samples were developed in
0.26N TMAH for either 30 s (MG) or 20 s (ESCAP). The developed samples were imaged at the same locations in
intermittent contact mode. Unfortunately, due to problems with adhesion and line-collapse a systematic study of the
model MG devel oped images was not possible.

Images were processed using the MFP-3D analysis software in IGOR (Wavemetrics) to plane fit and flatten the images.
A routine based on the work of Villarubia'® was used to deconvolute the tip shape from the latent and devel oped
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topography images. This code creates a blind reconstruction of the tip with no initial assumptions about the tip shape, by
using information contained in the images taken with the tip. Typically, several images were used to construct the tip
and then the tip was deconvolved from all the images taken with that particular tip to create an eroded image. These
eroded images were then analyzed usng SUMMIT (EUV Technology) to determine LWR and LWR power spectrum
density (PSD) for both the latent and developed images. A sigmoidal edge detection method with 50 % threshold setting
was used to obtain 3c LWR. We found varying the threshold between 30 % and 80 % had a minimal effect on LWR
measurements.

3. RESULTSAND DISCUSSION

31 L atent Images and Cr oss-Sections

AFM images of the samples after EUV exposure and PEB showed significant topography due to mass loss in the
exposed regions. Figure 3 shows a typical series of AFM images of isolated lines from the iso-dense region of the test
mask. Typically, the latent image of the lines could be observed for a wide range of exposures that extended well
beyond the range of the lines found in the developed samples. Figure 4 shows a series of cross-sections of the latent
image of lines with target CDs of 20 nm, 40 nm, 60 nm, and 100 nm for exposures from 3 m¥cm? to 6 mJ¥cm?. This
exposure range fell within the process window for the 100 nm lines.

2.I 4.I E.“ 1II

Figure 3. AFM latent images of dark field isolated linesin the model ESCAP resist. Nomina CD appearsin upper left corner of each
image. While all lines are seenin the latent image, only the 60 nm and wider lines remain after devel opment at this dose. Exposure
was 4 m¥cm?. PEB was 90 °C for 30's. Images are 1 micron by 2 microns with a20 nm black to white z-scale.

There are several features of the cross-sections that are common to both the model ESCAP and MG resists. For a given
exposure dose the depth of the exposed regions is the same for dl the line widths. This depth gets progressively lower
for higher exposure doses until a plateau isreached. A smal film loss appears even at the center of the lines (top 10ss).
Thislossincreases with increasing dose and for a given dose is greater for narrower lines. Thus, there is a degree of top
losg/ top rounding that is present in the latent image.

Using images of high exposure samples with long PEB times, we were able to determine that full deprotection leadsto a
23 % reduction in film thickness for the model ESCAP resist and a 57 % reduction in film thickness for the MG resist.
We will proceed with the assumption that lossin film thicknessis linearly proportiona to the deprotection fraction in the
underlying film and thus that the AFM topography data of the latent images provides a measure of the deprotection
fraction of theresist asindicated by the deprotection % on the right hand axes of the latent image cross-sectionsin Fig. 4.
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Figure 4. Cross-sections of the latent images of 100 nm (solid), 60 nm (dotted), 40 nm (small dash) and 20 nm (large dash) isolated
linesin the model ESCAP resi at various exposures. The depth isrelativeto resist level outside the exposed region, so dl lines show
some top loss in the latent image with the lossincreasing a higher doses and for narrower lines. The horizontal line representsthe
deprotection level of the solubility switch as determined by which lines appear in the developed images. Isolated lines with a cross-
section that peaks above thislevel print, while those with latent image profiles below do not.

3.2 Depr otection Gradient

We define the latent image deprotection gradient, DG, as the absolute value of the derivative of the deprotection
fraction with respect to distance. The assumption that the topography change due to mass loss in the film is directly
proportional to the deprotection fraction, ¢, allows us to directly compute DG, from a topography cross-section of the
latent image where the proportionality constant, C, is derived from the massloss at full deprotection.

DG, =|dg¢/dxX = C|dz/dX (1)

As an example, Fig 5a and 5c show the cross-sections for the latent images of 20 nm, 40 nm, 60 nm, and 100 nm isolated
lines for both the model ESCAP (a) and MG (c) resists exposed at 4 mJcm? with a 90°C/30 s PEB. Fig 5b and 5d show
the corresponding plots of the deprotection dope vs. deprotection fraction calculated from fits to the line feature. The
andysis of the latent image shows that the DG, is zero at the bottom of the space where there is maximum deprotection
and at the top of theline. The DG, displays a maximum in between the bottom of the space and top of the line with the
peak height and location depending on the details of the deprotection profile. For the isolated lines, the deprotection
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fraction in the exposed areas is the same for each of the line widths. So, al the curves for each resist end a same
deprotection fraction: ¢ = 0.28 for the moddl ESCAP and ¢ = 0.61 for the MG. The curves begin at the deprotection
fraction at the top of the line, which for the 100 nm lines in both resists is near ¢ = 0. The narrower lines have
progressively more deprotection in the unexposed regions, due to aerial image quality and acid diffusion, and thus their
curves begin at progressively higher values of ¢. In general, the narrower lines have a smaller peak in the DG, .
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Figure 5. Cross-sections of latent images of 20 nm, 40 nm, 60 nm, and 100 nm lines exposed at 4 mJ/cm? with a30 s PEB at 90°C for
the model ESCAP () and MG (c) resists. The different reaction rates and diffusion parameters for the two resists lead to amuch
greater deprotection extent in the exposed areas for the MG resist for the same exposure and PEB. The deprotection fraction isthe
extent of deprotection normalized to 1 for complete deprotection and 0 for the unexposed resist. (b) and (d) plot of the DG vs.
deprotection fraction based on a Gaussian fit to the center peak of the latent image cross-sectionsin (&) and (c) respectively.
Calculating the DG, based on the Gaussian fit reduces the noise and highlights the more genera features of the DG, curves.

To test the hypothesis that a higher DG, leads to improved line quality we plotted DG, vs. LWR_ in Figure 6. We can
see that low values of DG, lead to large LWR, while high values lead to reduced LWR,. However, the rate of
improvement at high DG, diminishes. For example, from Fig 5 we can see that at 4 mJ¥cm? the peak DG, for the MG is
roughly twice that for the model ESCAP. For the 20 nm lines, with DG, of 1.4 in the model ESCAP and 3 in the MG,
this leads to an improvement in the LWR, from 40 nm to 25 nm. While for the 100 nm lines, with DG, of 2.6 in the
model ESCAP and 6 in the MG, the LWR_ only improves from 13.2 nm to 10.5 nm. We can see that that both the model
ESCAP and MG resist have similar behavior despite their very different architecture leading us to speculate that DG,
may be a resist independent parameter that is useful for comparing the relative merits of different resist platforms.
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Figure 6. Plot of latent image deprotection gradient vs. latent image LWR.

In Figure 7, we plot the DG, curves for the 20 nm iso linesin the model ESCAP resist for exposures 3 mJcm? through 7
mJcm? As the dose increases the curves shift to higher deprotection levels as would be expected. In addition, both the
width of the curves and the maxima of the curves increase at higher dose. Note that al of these curves have a range for
the deprotection fraction that is greater than the solubility switch (¢ = 0.11) and thus none of the 20 nm lines remained
after development. There were no features visible after development at the 2 mJ/cm? exposure leading us to concluded
that thislevel of exposure did not |ead to a deprotection fraction greater than the solubility switch (¢ = 0.11).
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Figure 7. Deprotection gradient vs. deprotection fraction for 20 nmisolated linesin model ESCAP resist with a 30 s PEB at 90°C for
a series of doses from 3 mJ/cm? to 7 md¥en?.

While none of the 20 nm lines printed, the latent images of the lines were easily imaged with the AFM and the family of
DG, curves provides insights into optimizing the process window. First, we note that at lower doses the curves become
less overlapped leading to the possibility, as found here, that the solubility switch does not intersect with any of the
curves. Thisleadsto afailureto print the line despite the existence of viable latent images. |If the solubility switch were
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known (and fixed), one could optimize the dose to match the peak of the DG, curve at the solubility switch. From the
existing curves and solubility switch of ¢ = 0.11, we would predict that thiswould yield a curve with a maximum DG, of
only about 1 um™. Additionally, the curve would be narrowly pesked so that small changes in dose or the solubility
switch would lead to large reductions in the effective DG, and the consequent degradation in the printed feature. If one
could arbitrarily choose or shift the solubility switch to higher deprotection levelsto intersect the higher dose curves, one
potentially has access to higher DG, values and therefore process conditions for improved feature quality. Similarly, itis
possible to investigate how changes in other process conditions such as PEB time or temperature influence the DG,
CUrves.

3.3 Latent Image LWR_ Power Spectrum Density: Model ESCAP and MG
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Figure 8. EUV dose effect on the latent image LWR, PSD (power spectrum distribution) for the Model ESCAP and MG (100nm
Isolated Line)
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The effect of dose (Figure 8) on the latent image of 100 nm isolated line LWR, wavelength shows different response
between model ESCAP and MG. The power spectrum for MG shows that the LWR, wavelength in the (10 to 500) nm
range is modulated by an increase in EUV dose from (2 to 8) mJcm? for MG On the other hand, the model ESCAP
shows mid-to-low frequency LWR, components in wavelengths less than (50 to 100) nm upon increasing the EUV dose.
The apparent photoacid diffusion constant, D, in the MG was measured to be faster (Dy = (310 5) X Descap) than model
ESCAP at equal processing conditions?® and therefore could benefit from an acid diffusion smoothening effect on
LWR,. Ishida®, reported previously that calixarene materials exhibited peak LWR wavelength range of (10 to 100) nm
similar to the length scale observed in this study.

34 L atent to Developed Image LWR Power Spectrum Density: M odel ESCAP
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Figure 9. Comparison of latent to devel oped image LWR of 100nm isolated line for the Model ESCAP after 0.26N TMAH
devel opment as a function of dose. The latent LWR was cal culated both at the midpoint of the line aswell as a point
approximating the location of the solubility switch.

The general trend for the latent (LWR_) and developed image (LWR p) line width roughness with EUV dose for 100 nm
isolated lines is shown in the Figure 9. AFM images were taken from identica patterns before and after 0.26N TMAH
development. The latent image LWR, decreases rapidly initialy with EUV dose from greater than 20 nm to (11 to 13)
nm and remains relatively unchanged with further increase in the EUV dose up to 7 mJcm?®  On the other hand,
developed image LWRp, isinitially lower than the latent image LWR, but becomes larger with increasing EUV dose. The
developed image LWR continues to increase for EUV exposure dose (2 to 3) x E; the nominal dose to clear (Ep). An
exact quantitative comparison between latent to developed image LWR as determined by AFM is very difficult at this
stage and its results should be used with caution, since there may be systematic differences in analyzing the shallower
latent image topography and the deeper, more steeply sloped features of the developed images. We speculated that the
increase in LWR,, at higher dose may reflect the shift of the top of the line closer to the solubility switch, as seen in Fig
3, and thus away from the optima DG, for that feature. To test thiswe looked at the LWRp as we varied the threshold
level at which it was calculated. However, the LWR analysis of the sensitivity to the edge detection threshold % setting
from 30 % to 80 % found a minimal effect and did not change these trends. Even with the threshold set to 90% of the
line height (the approximate location of the solubility switch) on the 7 mJcm? feature, the increase in LWR, is small
compared to the increase in LWRp. Thus LWR, is not predictive of LWRp and development effects can significantly
degrade feature quality.
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At avery low EUV dose, the latent image LWR, is larger than the devel oped image LWRp. A devel oper process can
contribute to a smoothing effect?? at the latent line edge boundary by removing areas of lower deprotection heterogeneity
sites making the devel oped image LWR smaller than the latent image LWR. AFM images obtained from model ESCAP
clearly highlight difference in the EUV exposed areas (space) of (1 to 2) mJcm? versus (3 to 5) m¥cm? At mid EUV
doses, the latent image LWR_ continues to decrease with dose as the deprotection gradient ope increases. It isrelated
to an acid diffusion smoothing effect observed by others®?, but a devel oped image LWRy, is always greater than the
latent image LWR for a given EUV dose. We speculate this direct transfer of latent to develop line fidelity is due to
undesirable swelling and devel oper penetration into the underlying line/space feature. At higher EUV doses, the latent
image LWR|_ reaches a plateau with increasing EUV doses, but the developed image LWRp continues to increase. At
this point the chemical contrast of the resist at the line edge is decreasing due to inter-diffusion of photoacid to the
unexposed area of resist. This causes dark erosion and a solubility switch point shifting closer to the top/peak of
deprotection line edge profile. This was confirmed by reaction-kinetics modeling and observed by the increasing film
loss of theline. Therefore at higher EUV doses the devel oper process contributes to degrading the line edge profile, due
to the dark erosion of the line, causing asignificant increase in the devel oped imaged LWRy. 2>

An example, the model ESCAP LWR PSD before and after development is shown in the Fig. 10 for 100 nm isolated line
at 5mJcm?® After development, mid-to-low frequency (greater than 100 nm spatial period) LWR appears to be affected

by development process.
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Figure 10. Model ESCAP’ s 100 nmisolated line LWR PSD comparison before (latent image) and after devel opment for the EUV
dose 5 mJ¥cm? Prior to development (latent image) LWR = 11.3 nm compared to 19.4 nm after devel opment.

4. CONCLUSIONS

AFM images of latent images of EUV exposed photoresist show topographic features related to the deprotection level of
theresist. The latent images of features as small as 20 nm are clearly resolved by AFM over a wide range of exposures
despite these features not appearing after devel opment. The deprotection gradient serves as a quantitative measure of the
latent image quality with larger dopes indicating higher quality. This approach complements the understanding of the
effect of image log slope, but in the latent image. Comparison of latent image LWR for the polymeric (model ESCAP)
and molecular glass (calix[4]resorcinarene) photoresist with identical photoacid generator exhibited similar dependence
on the deprotection gradient. AFM measurement of the latent image deprotection gradient derived hereisin very good
agreement to deprotection reaction-diffusion kinetics of the model ESCAP and MG derived by other methods®. These
latent images provide alternative approaches to derive reaction kinetic parameters induding acid diffusion constants and
heurigtics for matching image contrast to a desired solubility switch point.  Knowledge of the deprotection profilein the
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sub-32 nm latent image allows insight into how processing contributesto LWR. Further rationa designsto other process
steps such as development and resists architecture choice may be made based upon these latent images and develop
schemes to resolve features unattainable by standard protocols.
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