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Abstract. Extreme ultraviolet (EUV) lithography is one of the most promising printing techniques for high-
volume semiconductor manufacturing at the 14-nm half-pitch device node and beyond. However, key challenges
around EUV photoresist materials, such as the exposure-dose sensitivity or the line-width roughness, continue
to impede its full adoption into industrial nanofab facilities. Metrology tools are required to address these chal-
lenges by helping to assess the impact of the EUV materials’ properties and processing conditions along differ-
ent steps of the nanofabrication process. We apply the resonant soft x-ray scattering (RSoXS) technique to gain
insights into the structure of patterned EUV resists before the development step takes place. By using energies
around the carbon K-edge to take advantage of small differences in chemistry, the electronic density contrast
between the exposed and unexposed regions of the resists could be enhanced in order to image the patterns
with subnanometer precision. Critical-dimension grazing-incidence small-angle x-ray scattering is then per-
formed at energies where the contrast is maximized, enabling the reconstruction of the three-dimensional
shape of the latent image. We demonstrate the potential of RSoXS to provide a high-resolution height-sensitive
profile of patterned EUV resists, which will help in quantifying the evolution of critical features, such as the line-
edge roughness, at a key step of the nanofabrication process. © 2019 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JMM.18.2.024003]
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1 Introduction

Lithographically manufactured nanostructures are shrinking
in size in an effort to keep up with Moore’s law. Extreme
ultraviolet lithography (EUVL), with an imaging wavelength
of 13.5 nm, is the next-generation lithography technology for
high-volume manufacturing at the 14-nm half-pitch semi-
conductor device node and beyond.

The transition to EUVL not only brings challenges in
terms of optics and mask design but also difficult metrology
challenges. The continuous reduction in the size of semicon-
ductor nanostructures has caused conventional techniques
such as scanning electron microscopy and atomic force
microscopy to start reaching their resolution limits."* Inline
scatterometry techniques have been receiving increasing
recognition for their potential to deliver solutions beyond
these resolution limits and on industrially feasible time-
scales, as can be seen by their mention as an emerging dis-
ruptive metrology technology in the 2017 publication of the
International Roadmap for Devices and Systems (IRDS).?

In particular, critical-dimension small-angle x-ray scatter-
ing (CD-SAXS) has emerged as one promising scatterometry
technique to extract the profile of line gratings with subnan-
ometer resolution.* CD-SAXS is a transmission-based scat-
tering measurement where the sample is rotated in order to

*Address all correspondence to Guillaume Freychet, E-mail: gfreychet@gmail
.com
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adjust the incident angle and extract the vertical profile.
Sunday et al.*® showed that such a measurement could be
used to reconstruct the cross-sectional profile (i.e., width,
height, and sidewall angle) of the line gratings as a stack of
trapezoids. Since then, this approach has also been extended
to the study of line-edge roughness.”®

Moreover, Sunday et al.” also took advantage of the
chemical sensitivity of resonant soft x-ray scattering
(RSoXS) measurements to study diblock copolymer (PS-
b-PMMA) gratings deposited on the ultrathin substrates
with the transmission-based CD-SAXS approach. RSoXS
leverages tunable “soft” x-ray (100 to 1500 eV) sources
in order to dramatically enhance the scattering cross sections
from heterogeneous materials when the x-ray photon energy
is adjusted in order to coincide with a given material’s x-ray
absorption edges. This combination of absorption spectros-
copy and scattering enhances the scattering contrast due to
subtle differences in chemistry that are difficult to detect with
conventional “hard” SAXS. In recent years, RSoXS per-
formed near the carbon K-edge has proven to be a very useful
tool for soft matter researchers interested in defining struc-
ture with subnanometer spatial sensitivity by leveraging
small differences in chemistry.'’

In this paper, we applied the RSoXS technique using
energies around the carbon K-edge to enhance the effective
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electronic density contrast due to chemical differences
between the exposed and unexposed regions of a commer-
cially available, chemically amplified EUV resist. Moreover,
in contrast to conventional CD-SAXS, which has to be con-
ducted in transmission geometry, this RSoXS measurement
was performed in a reflection geometry on a standard Si
wafer. This was only possible due to a recent advancement
in the ability to confidently reconstruct three-dimensional
(3-D) profiles from scattering data acquired in a grazing-inci-
dence geometry (CD-GISAXS).!'"!® CD-GISAXS enabled
the use of the low-energy, or soft, x-rays needed for the
enhancement of scattering contrast due to chemical hetero-
geneities within the latent image (i.e., before the develop-
ment step ever took place), while avoiding the need to
penetrate a standard Si wafer. This capacity to nondestruc-
tively extract a statistically significant cross-sectional repre-
sentation of the latent image from EUV resists deposited on
a conventional Si wafer will provide invaluable feedback to
the EUVL community in elucidating the impact of the devel-
opment step on the final shape generated.

2 Experimental Section

2.1 Sample Preparation

Commercial chemically amplified EUV resists were studied
in this paper. Throughout the process, minimal exposure to
ambient or fluorescent light was ensured by storing samples
in a completely dark sample holder and performing most of
the necessary handling in a yellow-light class 100 clean-
room environment. The resist was spin-coated onto standard
undoped Si wafers in order to yield a film roughly 45-nm
thick, as illustrated in Fig. 1(a). Next, a post-application
bake was conducted for 60 s at 130°C. The exposure of
the resists was performed with a Vistec VB300 Electron
Beam Lithography System using a dose of 133 uC/cm?
to write a pattern over an area of 1 cm”, as shown in
Fig. 1(b). Finally, a post-exposure bake was conducted at
110°C for 60 s.

2.2 6.3.2 Beamline

Total electron yield near-edge x-ray absorption fine structure
(TEY NEXAFS) spectra were collected at beamline 6.3.2 at
the advanced light source (ALS)."* Carbon K-edge spectra
were obtained for the photon energy ranging from 270 to

(@) (b)

400 eV. The data were normalized to the incident photon
beam intensity measured by a photodiode.

2.3 11.0.1.2 Beamline

CD-GISAXS experiments were performed at beamline
11.0.1.2 at the ALS."> A CCD camera was positioned at
50 mm of the sample and the measurement were done at
the carbon K-edge, i.e., between 250 and 300 eV. The line
grating samples were aligned with a rotation stage until the
incoming x-ray beam was parallel to the patterned lines,
which was verified when a symmetric semicircle of Bragg
spots appeared on the detector, as shown in Fig. 2(a).
These Bragg spots will trace out linear features known as
Bragg rods when the moment transfer vector is changed
by either rotating the sample perpendicular to the substrate
(i.e., along the z axis) or tilting the sample to different graz-
ing angle of incidence (i.e., around the y axis). In our case,
the angle of incidence range was set to tilt from 0.1 deg to
20 deg during each exposure in order to record the traces as
Bragg rods covering the whole detector. Since the full width
at half maximum diameter of the beam was 120 pm, the foot-
print of the beam on the sample will vary, respectively,
between 70 and 300 um. Since the beamstop’s design
was not optimized for this experiment and did not cover
the whole CCD along the z axis, the detector was shifted
in order to avoid saturation from the direct and specularly
reflected beams. Therefore, as illustrated in Fig. 2(b), only
half of the reciprocal space was probed. However, the
missing part of the reciprocal space, illustrated in Fig. 2(a),
was the symmetric analog of the collected data. The two-
dimensional (2-D) image, shown in Fig. 2(b), was recorded
with a 10-s acquisition time with the sample rotating at 0.3
revolutions per minute (rpm) during the acquisition.

3 Results and Discussion

3.1 Near-Edge X-Ray Absorption Fine Structure

The first step of the analysis is to determine whether there is
any effective electronic density contrast induced in the EUV
resist by the exposure step. To do so, we apply the near-edge
x-ray absorption fine structure (NEXAFS) technique to
record the imaginary part of the refractive index, . Both
1 x 1 cm? fields of exposed and unexposed resists are mea-
sured at the ALS’s beamline 6.3.2. The extracted f is shown
in Fig. 3(a).
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Fig. 1 lllustration of the sample (a) during the spin-coating step, (b) after the baking and exposure steps,

and (c) during the GI-RSoXS measurement to extract

the latent image.
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Fig. 2 lllustration of grazing-incidence small-angle x-ray scattering with the beam path oriented parallel
to the x-axis and the sample tilting rotation around y-axis, (a) with constant incident angle of 1.0 deg and
10 deg and (b) with a continuous rotation of the sample from 0.1 deg to 20 deg.

From the imaginary component of the refractive index,
the real component 6 is calculated using the Kramers—
Kronig relations.'® Therefore, the full refractive index n can
be calculated from measuring only the imaginary part

n=1-5+ip, ¢))
where 0 is the dispersive component and /3 is the absorptive
one. Both ¢ and f# are shown on the Fig. 3(a).

The overall features of both ¢ and f are identical and only
small variations can be observed between the two spectra.
This leads to the conclusion that the chemical environment
of the carbon atoms in the resist is not strongly modified by
the EUV light exposure. However, the slight difference in
intensity of the peaks observed at 288 and 295 eV, illustrated
on the inset of Fig. 3(a), indicates a difference in the density
of chemical states associated with that specific energy, which
may correspond to the scission, or breaking, of specific
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carbon bonds in the resist that results from the EUV exposure
and post-exposure bake steps.

For the RSoXS, the contrast between two chemical states
with electronic density equal to p; and p, can be expressed as
a sum of the square of the difference of 6 and S

(P2 =p1)* = (6, =61)* + (B — 1)*.

From both the delta and beta measured and calculated for
the exposed and unexposed resists, we have calculated three
different electronic density contrasts and plotted them in
Fig. 3(c): between the exposed resist and vacuum (referred
as Cev in the rest of the paper) (for which § and f are equal to
0); between the unexposed resist and vacuum (referred as
Cuv); and between the exposed resist and the unexposed
resist (referred as Ceu). The similarity between both ¢ and
p of the exposed and unexposed resists leads to a weak
electronic density between resists. To better visualize this,
a zoomed scale is presented in the inset of Fig. 3(c). More

(©))
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+
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Energy (eV)

Fig. 3 (a) Real (5) part with a inset zoomed around 285 eV and (b) imaginary (5) part of the complex
indices of refraction of the exposed and unexposed resists, red and black lines respectively, and (c) the
effective electronic density contrast (A6% + Ap?) between the two resists and the vacuum with scaled plot
of the contrast between the two resists shown in the inset.
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interestingly, for most energies, Ceu is negligible in compari-
son to Cev and Cuv, and except at specific energies around
280 and 287 eV, the three different electronic density con-
trasts have the same order of magnitude, making the relative
contribution of Ceu to the observed scattering data more sig-
nificant. Therefore, we have focused on collecting RSoXS
measurements for the energy range from 280 to 290 eV.

3.2 Resonant Soft X-Ray Scattering

To record the Fourier rods, also known as Bragg rods, com-
ing from the gratings, we scan the incident angle of the sam-
ple from 0.1 deg to 20 deg. We then decouple the various
spatial contributions to the measured scattering features
from the following expression of the g vector:

1000

800

600

Pixels

400

200

q, cos(ay) cos(26) — cos(a;)
q= (qy> = cos(ay) sin(26) , 3)
q. sin(ay) 4 sin(a;)
where «;, 20, and a; represent the incident, in-plane,
and out-of-plane scattering angles, respectively. Q-space

V@i + a5 and gpe = q,.
Therefore, by scanning the incident angle (i.e., rotating
the sample along the y axis) we scan the g, direction of
the reciprocal space. Representative 2-D images recorded
at 283, 285, 286, and 287 eV are shown on Fig. 4 and
are displayed in the pixel space, since each pixel will
have a different coordinate in the g, and g, referential
for each incident angle.

will be decomposed as gp,, =

3.0 1

2.51

2.0 1

Intensity (a. u.)

1.5 1

1.0

055  0.60

065 070 075  0.80
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Fig. 4 The 2-D CD-GISAXS patterns recorded at (a) 283, (b) 285, (c) 286, and (d) 287 eV. (e) The 1-D
plot of the averaged scattering intensity along the Bragg rods (black solid line) at 283 eV and the cor-

responding fit (red dashed lines).
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The Bragg rods can be observed consistently across all
four images, regardless of incident energy, confirming the
presence of an in-plane structure inside the film. The pres-
ence of Bragg rods is unrelated to the presence of contrast
between the exposed and unexposed resists. Indeed, in the
hypothesis of any Cue equal to 0, the film of resist can
be considered as a uniform film with a given height. In
this scenario, the scattering signal will be concentrated at
the specular plane, at g, =0 nm~!. Therefore, only mod-
ulations of the reflected beam intensity would appear; how-
ever, our specific setup did not record this reciprocal space
region. Not only does the presence of Bragg rods allow
rejecting the assumption of an homogeneous film of resist,
but it also reveals the existence of periodic features along the
surface of the resist induced by the slight shrinking of the
resist under EUV light, as illustrated in Fig. 5. Therefore,
the A g, distance between two consecutive Bragg rods
can be used to extract the distance between two EUV expo-
sures and therefore the pitch of the distance between two
unexposed resist “lines.” A value of 188.47 nm is extracted.

Figure 4 clearly shows that only some incident energies
produce significant modulations along the lengths of the
Bragg rods (i.e., qpe), while others do not. To illustrate
this phenomenon, vertical one-dimensional cuts are done and
are annotated in Fig. 4(a) taken at 283 eV. The first, second,
and third Bragg rods are shown in Fig. 4(e).

Unlike the Bragg rods, the presence or absence of the
modulations can be connected to the electronic density con-
trast calculated from the NEXAFS measurements. Our pre-
vious study on the CD-GISAXS method demonstrated that
these modulations provide in-depth information on line gra-
tings. This is because the intensity of the recorded Bragg
rods is modulated by the Fourier transform of the shape of
the individual lines."”

Consequently, the modulations at 283 and 286 eV reveal
the existence of the electronic density contrast between the
exposed and unexposed resists and are in agreement with
a film thickness ¢, of 45 nm, as illustrated in Fig. 5.
Conversely, the absence of modulations can be explained
if there is no contrast between the resists. In that specific
case, only a subnanometer height grating at the surface of
the film is seen by the beam, coming from the shrinkage
of the resist.

Therefore, we can only approximate from the intensity
along the Bragg rods at 285 and 287 eV that the difference
in thickness, #;, between exposed and unexposed resists is
<1 nm, as illustrated in Fig. 5. Such approximation is due
to the fact that the first minimum of the form factor of
such thin line should appear at gpe > 5 nm~!, which is

7

/7] Exposed resist
|:| Unexposed resist

Fig. 5 Schematic representation of the in-depth profile of the latent
image extracted with CD-GISAXS.

o

t
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not accessible with the current instrumental setup (limited
{0 Gper < 2 nm7h).

The electronic intensity contrast variation between resists
observed with RSoXS follows the trend observed in the
NEXAFS data. Indeed, the relative evolution of Cue with
Cev and Cuv, leads to the same conclusions. Indeed, when
Cue ~ Cev and Cuv, annotated with dash lines in Fig. 3(c),
at 283 and 286 eV, for example, modulations along the
Bragg rods can be observed. This differs starkly from the
behavior at 285 and 287 eV, when Cue <« Cev and Cuv;
no modulations along the Bragg rods are observed.

In addition, both height contributions to the form factor
are weighted by Cue and Cuv. Therefore, at 283 and 286 eV,
both form factors are visible on the Bragg rods, even though
the form factor of the shallow gratings did not show any fea-
ture in that g-range. At 285 and 287 eV, since Cue <« Cev
and Cuv, the form factor of the shallow gratings strongly
dominates, even though some very weak modulations can
be observed at 287 eV.

3.3 In-Depth Profile Reconstruction

To extract a detailed height profile of the latent image, the
modulations along the Bragg rods at 283 eV are plotted in
Fig. 4(e) and are fitted with an inverse algorithm. The height
profile of the latent image can thus be described as a stack of
trapezoids. The simulation of the form factor and subsequent
reconstruction of the line shapes are done under the
distorted-wave Born approximation (DWBA). The DWBA
extends the Born approximation to include both reflective
and refractive events at the film—substrate interface.'®!

The cross section of the depth profile of the latent image is
approximated by stacking five trapezoids. The cross section
can be described with N + 2 parameters, where N is the
number of trapezoids and the parameters are each trapezoid’s
height, / (kept identical for all the trapezoids); a sidewall
angle per trapezoid (assumed symmetric); and the bottom
width of the trapezoid underneath.

To converge to the best cross-sectional profile of the line
gratings, we used a genetic algorithm to minimize the
difference between the form factor recorded experimentally
and the simulated one.'' Based on the study by Hannon
et al.,”” we applied a covariance matrix adaptation evolution-
ary strategy (CMAES).

The results of the CMAES are shown in Fig. 5, corre-
sponding to the fit presented in Fig. 4(e). The best-fit profile
comes from a stack of seven trapezoids, with each trapezoid
having a height & of 6.23 nm, with an overall line-height of
43.60 nm, and a bottom linewidth of 87.20 nm. Each of the
sidewall angles, from the bottom to the top are, respectively,
equal to 71.8 deg, 81.7 deg, 71.5 deg, 88.9 deg, 92.5 deg,
90.7 deg, and 91.5 deg.

The fitted form factors show a good agreement with the
experimental data; they mimic the position of the minima
and the periodicity of the modulations. However, the ampli-
tude is not perfectly reproduced. Our current simulation of
a monodisperse line profile over the fully exposed area
introduces some error in the reproduction of the modulation
amplitude seen experimentally. Moreover, the possible depth
variation of the electronic density contrast need also to be
considered to improve the fit. A more detailed explanation
on the simulation of the CD-GISAXS patterns recorded at
different incident angles will be reported in a coming study
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and a statistical distribution of the depth-profile model will
be given.

The overall profiles also show the presence of a footing
feature (i.e., a wider width at the bottom of the line at the
substrate interface). However, no rounding effect at the
top of the line can be observed. The next step of the
study will be a comparison of the in-depth profile before
and after the development of the exposed resist, in order
to determine the significance and nature of both of these
features.

4 Conclusion

In this study, we demonstrated the capability of the RSoXS
technique to reconstruct the 3-D shape of the latent image in
a EUV resist, before the development step took place.

The slight shrinkage of the resist under the EUV light,
coupled with the chain scission of some carbon bonds,
induced the appearance of a relatively weak electronic
density contrast between the exposed and unexposed resists.
Nevertheless, with a combination of NEXAFS and RSoXS
measurements, we were able to enhance the effective elec-
tronic density contrast between the developed and undevel-
oped resists using energies around the carbon K-edge in
order to detect the latent image on an EUV resist.

This study has given a first glimpse into the potential of
the RSoXS technique to elucidate the structure of the
exposed regions of the resists before development. Further
studies using this approach are underway, such as quantify-
ing the impact of the development step on the final profile
and the impact of the soft x-rays, in order to provide insight
to understand the physical and chemical phenomena under-
lying EUV lithography.
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