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Abstract

Background: EUV lithography is making substantial progress in optimizing (i) tool, (ii) mask
blanks, and (iii) resist materials to support the next generation EUV imaging performance. EUV
masks use a variety of absorbers and capping layers fabricated on mirroring multi-layer (ML)
stacks.

Aim: The highly conformal e-beam resist-patterning process needs to understand the absorbed
intensity distribution spread from the electron scattering in the resist/substrate stack, as well as
the consecutive radiation-chemical effects induced by the electron energy spread together with
the dissolution behavior of the resist.

Approach: We present the results of resist response to 50-keV electron multi-beam exposure
based on statistical numerical simulation on different EUV absorbers and reflecting ML stacks
directly compared with the numerical lithographic parameters extracted from the experimental
resist screening. The experiments were performed with the IMS Nanofabrication Multi-Beam
Mask Writer (MBMW) ALPHA tool in a positive Chemically Amplified Resist provided by
FUIJIFILM, coated on experimental EUV masks with different stack compositions prepared by
HOYA.

Results: All input parameters for MBMW corrections were precisely specified to the corre-
sponding absorbed energy distribution signature of the specific EUV stack. Experiments con-
firmed the necessity to match the model calibration values to each small change in the mask stack
composition.

Conclusions: The method was successfully implemented into leading-edge mask writing and
resist/substrate/tool testing for achieving the sub-7-nm node at different EUV-mask stacks.

© 2021 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMM.20.4.041402]

Keywords: electron beam lithography; multi-beam mask writer; extreme ultraviolet; mask
blank; chemically amplified-resists.
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1 Introduction

E-beam lithography (EBL), in general, utilizes a beam of high-energy electrons to provide
radiation-chemical changes to the recording medium, typically a thin polymer resist layer coated
on a multi-layered (ML) surface of the substrate.

The main goal of e-beam high-end mask writing lithography is now concentrated on printing
complex mask patterns on different absorber stacks to enable a highly conformal wafer-level
projection of images with high conformity and a sufficient process window in real-time.
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Computational optical modeling for sub-wavelength imaging, using aggressive resolution
enhancement technology steps such as inverse-lithography technology, results in curvilinear
non-orthogonal geometries on the mask representing the wafer target shape.! The highly com-
plicated curvilinear mask pattern geometry, which plays a crucial role in increasing the wafer
process window, results in an enormous increase in the number of polygon vertices in the mask
layout-data, representing the pattern contours. Other correction methods, minimizing mask proc-
ess errors, such as the mask process correction (MPC) technique,2 amplifies this effect, adding
more complexity to the mask.

Recently developed multi-beam mask writers (MBMW) by IMS Nanofabrication (“IMS”)
have become mature for sub-10-nm node applications.’ Utilizing massively parallel architecture
and novel writing strategies, MBMWs handle huge pattern data along with the capability of
delivering sufficient exposure dose, including low sensitive (high exposure dose) resists, with
reasonable write times.* Consequently, the need for an advanced resist characterization tech-
nique, dependent on mask-stack material changes in a short-loop, is necessary.

In the case of mask/reticle making for the projection lithographies using short-wavelength
EUYV photons, the substrate material consists of a specific absorber layer on top of the ML (EU V-
mask) deposited on a massive bulk ultra-low thermal expansion substrate. Expecting wafer-level
feature dimensions as small as 12-nm half-pitch (hp) and beyond with a single exposure, the
most promising candidate for next-generation technology processes is EUV-lithography. The
continuous improvement in imaging performance of the EUV-mask’ still needs fine-tuning
in the manufacturing process and materials of both absorber and reflective ML mirror
stack.>® MBMW tools are writing high-fidelity patterns independent of mask density and com-
plexity using constant shot-size. Therefore, precise control of the number and position of inci-
dent electrons inside the closed pattern contours, taking into account all interacting neighbors, is
needed. Thus, changes in substrate material composition directly influence the scattering phe-
nomena of impinging electrons and by that the delivered total aerial dose creating the patterns in
the resist film. The resist employed must meet the demand for the highest resolution within the
desired write times for leading-edge mask production.

2 Exposure Optimization

The main goal of resist-based lithography has been the precise geometry control and faithful
reproduction of the intended pattern for diverse technology processes using a variety of elec-
tron-sensitive organic (polymeric) resist materials. This can only be realized if all details of the
desired pattern will be irradiated by the optimum intensity required by the particular resist and
the specified pre- and post-exposure processes.

The requirement for high resolution and critical dimension (CD)-uniformity may become
limited by a combination of:

i. E-beam parameters (acceleration voltage, current density, dose linearity, blur, and beam
optical aberrations)

ii. Tool (tool architecture, writing strategy, stage quality, and overall stability);

iii. Electron scattering effects in the resist/substrate;

iv. Resist (composition, radiation-chemical processes, contamination, and outgassing);
v. Pre- and post-exposure processes (coating, baking, and development);

vi. Pattern transfer process into the mask absorber stack.

To use the lithography most effectively, it is useful to understand the physics of electron
scattering in various resist/substrate stacks in combination with the radiation-chemical
effects in the exposed resist volume. The resolution of EBL is determined mainly by the
interaction-range between the electrons and the resist. A highly conformal pattern writing itself
needs to use an efficient exposure correction which requires an adequate knowledge and expe-
rience base to predict all parasitic effects causing pattern degradation through the lithography
process:

i. The molecular structure of the resist (*);
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ii. The delocalization of the exposure process, as determined by the range of the Coulomb
interaction between the electrons and the resist molecules (*);

iii. The scattering of secondary electrons (SE) into the resist;

iv. Process correlation between aerial image, latent image, and the resulting resist-relief
structure;

* The relative behavioral contributions are not well known, but their overall effect can be
holistically modeled for a particular resist type and the whole patterning process respectively.
According to numerical evaluation, two main methods can be used for physical modeling of
the scattering process: (i) continuous analytical’™'! or (ii) statistical Monte Carlo methods.'*!*

2.1 Tracking e-Trajectories

The ultimate resolution in EBL is determined by the amount of laterally and back-scattered
electrons in the resist from specific target compositions. These interaction events cause parasitic
proximity, fogging, local heating, and surface charging effects, defining the accurate pattern CD.

Hence, the electron scattering is the main object of calculations in that field to obtain the
absorbed energy density distribution (AEDD) from a point e-beam in the irradiated target vol-
ume. AEDD, as a function of position (x, y), is usually modeled using the point-spread function
(PSF). PSF is, in this case, PSF for deposited energy, a normalized form of analytically approxi-
mated radially symmetrical exposure intensity spread inside the material around the incident
direction caused by electron scattering events. In the frequently used Monte Carlo simulation
method, a statistical technique for modeling of e-beam radiation effects using the probability
distribution of physical events in a material, the PSF for deposited energy in a representative
depth of resist is calculated in two main steps:

a. Propagation—tracing the path [Fig. 1(a)] and the distribution of the scattered electrons in
ML material [Fig. 2(b)] before escaping or losing their energy, and

b. Deposition—how the energy is transferred from electrons to the material [Figs. 2(c)
and 2(d)].

Figure 2(a) shows the schematic cross-section of two out of four samples, chrome-on-
glass (CoG) and S3 (EUV mask blank) used in this work. Figures 2(b) and 2(c), illustrate the
simulation results, using Casino Software,'® of these two different resist coated substrate
types after a 20-nm diameter e-beam irradiation with 50-keV electrons. The simulation did
not include blur from beam shape.

The lateral scattering distance of electrons is directly related to the intensity of the unwanted
exposure deposition in the area surrounding a written pattern feature. For high-end processes, all
parasitic contributions on the possible final resist image distortion are an issue of increasing
concern. The calculated results in Fig. 2 follow the “fast” classical statistical model based
on Rutherford differential elastic scattering cross-section and the Bethe’s continuously slowing
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(WC/em?) ¢ (cV/en) (6 — function)
Traditi / h 1000000
6. WM B W AT/ raditional approac 100000
voxe— AR L o 10000
=7 7 fesis — 3 100
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Substrate  (keV):  Electron Energy ™~ oot |
2) - 0,001 PSF,
(uC/cm?) : Exposure Dose 00001 2
(eV/cm3) : AEDD 0 5 r(um) 10 15
(a) Propagation (b) Deposition

Fig. 1 Monte Carlo simulation method steps: (a) Propagation step—tracing discrete electron scat-
tering paths; (b) Deposition—adding up of energy left in each resist voxel through-thickness of the
resist film to calculate the AEDD per voxel.
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Fig. 2 Comparison between the e-beam scattering behaviors (b), (c) of a standard CoG substrate
and the EUV mask coated with the same 60-nm-thick resist (a).

down energy approximation model for the inelastic scattering, accurately tracking trajectories of
any electrons above ~500 eV.'¢

The traditional statistical models assume all forms of deposited electron energy contribute
equally to the exposure events. In the more advanced Direct Monte Carlo (DMC) model,'” the
four scattering events (elastic, ionization, excitation, and plasmon generation) are treated
separately.'®

However, in these models, the generation and the impact of SE are not included.

The generated low-energy SE contributes mainly to the density of the radiation chemical
changes in polymeric resist as a result of a cascade process that diffuses out from the original
impact point of electrons and determines the ultimate resolution of the resist exposure.''

Very low-energy SEs generated through Auger transitions and cascades have much higher
inelastic collisions probability, causing more local radiation effects in the resist.'” The detailed
process of radiation reactions in the resist is not considered here. All of these models assume all
forms of deposited energy contribute equally to the exposure events and the detailed process of
exposure reactions is not taken into account. The number of radiation events created by the
deposited energy in the resist is also still unknown. Thus, these models do not give any infor-
mation on local chemical processes in the polymer resist and do not include anything about the
spatial extent of the interaction as well. Therefore the energy deposition profile resulting from the
Monte Carlo simulation (Fig. 2) cannot be immediately related to the developed final resist-relief
pattern cross-sectional shape from the experiment because this result does not precisely predict
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Fig. 3 (a) The discrepancy between the calculated absorbed equal-energy density contours in
resist and (b) experimental cross-sectional top-down resist-space profiles captured by XSEM
written with the same exposure dose and processed under different development conditions.

the experimental observations, as shown in Fig. 3. Thus, this model does not represent the effects
of the lithographic process. The main reason is the non-linear behavior between the simulated
equal energy density contours [Fig. 2(c)] and the density of the radiation-chemical molecular
changes i.e. the latent image, in the polymer resist volume. Yet this is exactly the cause of the
necessary chemical differentiation between exposed and unexposed areas in the resist volume
that finally leads to solubility changes in the development process (Fig. 3).

2.2 Energy Coupling Problem

From an energetic point of view, the most interesting question concerning an e-beam imaging
system is to understand how much of the delivered intensity is transformed to effects determining
the development of a pattern in resist.

In the case of complex chemically amplified-resists (CAR), the situation is more complicated
because the quantum yield of interest is not a simple chain-scission or a crosslink. The multiple-
step-like process in CARs starts with the dissociation of the photo-acid generator (PAG) and the
production of acid that catalyzes during the post-exposure bake (PEB) reactions responsible for
providing resist contrast. One of the main hurdles is calculating acid diffusion exactly and the
resulting impossibility to localize the radiation event precisely enough. There are still fundamen-
tal problems in the simulation of processes such as acid production and acid diffusion that have
to be solved before starting with adequate modeling. Consequently, higher-level quantitative
complete models that can predict a much wider range of phenomena must be developed.
These have to incorporate some main behavioral relations that describe:

i. generation of radiation-chemical events as a response of the resist material to the electron
irradiation together with the thermo-hydro-kinetics of the development process, tempering,
acid diffusion, and outgassing etc.

ii. long-range resist-related factors depending on local pattern density (PD) and the pattern
size, such as develop-loading and chemical flare.?

2.3 Resist and Development

Development is one of the most critical steps in EBL where the real 3D resist-relief pattern will
be created. This is a highly nonlinear process in the sense that equal increments of AEDD do not
lead to equal increments (positive tone) or decrements (negative tone) of the dissolution rate of
resist. A true image optimization algorithm must include these resist-related nonlinearities
(resist-related proximity effects) to predict the final resist profile.

The resist-developer interaction determines the rate of dissolution of the resist in the solvent
along with the creation of the final 3D-shape and the CD-control. Moreover, the dependence of
the development rate on the pattern size and the PD (developer-loading) was also observed.>!?
For narrow lines, especially those <30-nm wide, the critical energy rises, meaning that in this
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case the rate of development decreases. The explanation is based on the aggregate-extraction
development assumption described by Yamazaki et al.*® For patterns narrower than the diameter
of the aggregate, the aggregates have to be broken up in the development. This and other possible
local dissolution variations®* can explain the slower rate of development with a stochastic
induced distribution of small pattern failures such as necking, bridging inside narrow patterns,
or random missing of tiny contacts in dense arrays.”>*® Consequently, we also have to be very
careful about how we determine the proper dose for a given nano-pattern. Thus, in nano-struc-
turing, apart from all previously mentioned effects, we also have to take into account the thermo-
mechanical factors, like stress in the resist features®’ (e.g., resist shrinking, pattern collapse
phenomenon, and resist adhesion to the absorber surface).

To summarize, a complete development model relating to molecular changes of dissolution is
extremely complex. The radiation-chemical process may lead to various energy relaxation paths
corresponding to different by-products.

Therefore, in the following text, experimental methods to determine the PSF, characterizing
the complete lithographic process including the resist behavior under all pre- and post-exposure
processes are explained and outlined.

2.4 Experimental Methods for the PSF Parameters Determination

The exposure correction algorithm itself is based on an appropriate physical model that can
describe all observed effects correctly. This modeling becomes the bridge between the layout
design and the optimized writing method of individual patterns.

For precise correction of the pattern degrading effects in EBL, it is important to determine the
PSF-parameters with sufficient accuracy. Generally, it is not recommended to use the PSF
numerical parameters estimated from the AEDD calculations resulting from, for example, the
Monte Carlo simulation. In such a way, calculated energy deposition profiles in resist, due to the
electron scattering, may not account for all significant point spreading effects appearing in
the lithography process. This calculation only approaches realistic values. The real values are
typically different because, apart from the scattering of electrons, additional resist processes as
mentioned before and tool-dependent effects® (e.g., writing strategy, effects contributing to the
resulting beam quality) influence these highly sensitive numerical parameters.

In conclusion, there is no available solution at the moment that directly determines the
universal shape of the PSF for a given process. An experimental method of estimating PSF
in general, needs to follow the following steps:

i. choose an appropriate physical model that can analytically describe the process;

ii. design and exposure (without any correction) of specific tests containing well defined rep-
resentative patterns;

iii. precise CD-measurements in specified points on representative test-pattern;
iv. numerical analysis of measured data sets;

v. extraction of physically meaningful numerical parameters of the model from the difference
observed between defined and obtained patterns.

Several diverse exposure optimization approaches and techniques have been developed in the
last years.?” The accuracy of the correction strongly depends on several conditions. Small pixel
sizes are necessary to obtain an accurate correction. However, convolving large layouts contain-
ing small feature sizes and using small pixels with the PSF will give unacceptably long com-
putation times. This causes the correction problem to be continually more difficult. Therefore,
the main issue in all existing approaches is the trade-off between both (i) required accuracy, to
maintain CD-linearity control, and (ii) computational efficiency, to handle large volumes of data
fast, but keeping the resulting on-line run-time data in a reasonable limit.

Great efforts have been taken to develop quick and easy methods for the numerical deter-
mination of highly process-customized input parameter sets required to determine the exposure
correction algorithms. The exposure distribution is most commonly approximated as a linear
combination of two Gauss functions represented with only three parameters characterizing the
forward scattering range (), the backward scattering range (/?), and the ratio of the backscattered
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to the forward scattered exposure intensity (7), as introduced in Ref. 30. Such a 2-Gauss PSF,
representing this complex physical process, is adequate for some materials and is usually chosen
for convenience and benefits in easier mathematical handling. Going to higher resolution and
pattern fidelity, experiments often show significant departures from these assumptions. The dis-
tributions of energy deposited in certain resists on certain materials cannot be well represented by
a simple sum of only two Gaussians. More complex PSF [e.g., combination of weighted multiple
Gaussians®® (Eq. 1) and/or other functions] must be used to assign exposures properly.

1) :m E ""P(‘;—z> +25 ‘”‘p(‘;_z)} v

While a, B;, and #; are useful parameters for estimating exposure effects, accurate correction
for arbitrary patterns requires detailed knowledge of the exposure-response due to the entire EBL
process. Also, the extracted parameters approximate physically reasonable values and should
correlate with those obtained from theoretical models.

To optimize the exposure and correct for all undesirable image blurring, it is necessary to
determine the exposure intensity distribution and the resist response to this distribution, i.e., the
integral distribution of radiation-changes of a single picture element, “pixel,” of a predetermined
size in the resist. The methods of evaluating the point exposure distribution are accounting for all
scattering and other point spread effects, even if they are not fully characterized individually. The
data sets obtained from careful measurements allow a fine calibration of the PSF input-param-
eters for a defined e-beam direct-write process. However, it is essential to verify whether the used
corrector (exposure optimization software) will work satisfactorily, i.e., if it will be able to cal-
culate and assign the required dose (number of electrons per area) to each pattern detail using the
obtained parameter set. Special care must be taken to synchronize both the algorithms used in the
correction and the algorithms used in the parameter extraction method (used exposure model) to
obtain the required results after correction. Thus, the parameter extraction algorithms should
work under the same model concept as used in the proximity effect correction (PEC), i.e., both
algorithms must use the same model.

The highly conformal MBMW resist-patterning process needs to successfully combine the
absorbed intensity distribution from the electron scattering in the resist/substrate stack, as well as
the consecutive radiation-chemical effects induced by the electron energy spread together with
the nonlinear dissolution behavior of the resist in the development process. It is difficult to cal-
culate the exact relative contribution of these factors separately, but their overall effect can be
holistically modeled by the analytic process-PSF for a given resist.

The real extent of the native pattern deformation depends strongly on the nature of the sub-
strate system composition.

2.5 Design of Experiment

Our study was performed on a traditional CoG mask [Fig. 2(a)] and a set of selected exemplary
EUV stack systems prepared at HOYA (Fig. 4). A CoG mask type has a similar resist response as
the current advanced phase-shift-mask blanks from HOYA (Fig. 4), which can be characterized

Adv PSM “Sl” “SZ” “SS”
Resist (60 nm) Resist (60 nm) Resist (60 nm) Resist (60 nm)
Si0, — Cr Cr Cr
Cr (50 nm)
MoSiN (70 nm) Ru -} Ru Ru |
Mo/Si ML 40 p

Fig. 4 Schematic of used samples prepared by HOYA identically coated with 60-nm-thick pCAR
from FUJIFILM.
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Fig. 5 Key components of the used pCAR: (a) high-Tg polymer and (b) bulky anion PAG.

also with a simple 2-Gauss PSF. Studied EUV masks had identical Ta-based absorbers coated
with a thin Cr-based hard-mask layer and differed in the reflective MoSi Bragg mirror ML com-
position: no Bragg-mirror (S1), 20 ML pairs (S2), and ML 40 pairs (S3) of MoSi reflective
bilayers.

The FUJIFILM resist used on our masks is a positive-chemically amplified resist (pCAR)
designed for advanced EUV mask manufacturing and exposure on the MBMW tools. The resist
is composed of a high-glass transition temperature (high-7'g) polymer and a bulky anion PAG.
These are the key components to control acid diffusion and resist profile (Fig. 5).

All masks were coated with identical pCAR provided by FUJIFILM prepared with the same
coating process and identically developed with an upgraded Suss ASP-5500 Track. Exposure
was performed on the IMS MBMW ALPHA tool in Vienna using 20-nm beam size and
total current density of 1 uA/cm?. After-development inspection (ADI) was performed with
Advantest E3640 CD-SEM. To reduce resist shrinkage during measurement in CD-SEM, the
accelerating voltage of the scanning electron beam was 1200 V with a low probe current of
just 7 pA, averaging rate of 32 and electron beam scanning mode switched to frame scan, a
functionality of Advantest’s CD-SEM, which distributes beam scans over the inspected area
field of view in a way to reduce surface charging. An accelerating voltage of 1200 V allows
electrons to penetrate through resist coating and be captured on grounded metal layers of the
absorber, in our case of the EUV mask-stack.

The mask-sets were exposed with a set of test patterns under specified process conditions for
several exposure doses, at first without any correction. The tests aimed to determine the specific
resist response to the exposure of the resist coated mask stack. The generically developed resist
contour placement shift from the defined points was precisely recorded and followed by the
model-based analysis of the measured data. These measurements are the target values for our
process model calibration. Obtained numerical input model-parameters then allow matching
the calculated pattern contour-placement variation from simulation to that obtained directly from
the measurement.

Under the assumption that the EBL process is linear and space/time-invariant, e.g., that every
exposure-pixel linear superposition holds for the exposure (case of multi-pass writing), the
resulting contours at any location (x, y) for an arbitrarily exposed pattern (inside and/or outside
the exposed area) can be calculated by the two-dimensional convolution between the exposed
pattern and the PSF in the corresponding resist depth level.

Fine-tuning of the numerical PSF parameters allows achieving the best possible reconstruc-
tion of exposure effects by simulation and is the key to building an accurate process model. The
observed variations of resist-pattern contour placement can be then predictively simulated
depending on the location of all exposed patterns in the neighborhood. Consequently, after
inserting the well-fitted PSF parameters into the model, the simulation should show the same
tendency of pattern geometry variations as obtained from measurements, i.e., the lithography
process has been calibrated and matched to the model. Accordingly, if the PEC software of the
MBMW-tool is working under the same model as used in our simulation and if controlled by the
experimentally obtained process-tailored numerical PSF parameters, the writing process should
provide a proper exposure correction of the native parasitic pattern-distortion effects. Thus, in
addition to the neatly calculated exposure intensity distribution, the resulting holistic model also
includes the whole process and tool-dependent effects. These parameters were later on used in
the simulation tool to confirm observed behavior.
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Fig. 6 lllustrates the procedure of base dose (Dsg) estimation. The graph shows the measured
lines and spaces with 50/60/70/80/100 nm hps in the middle of large gratings exposed in an EW
with a fine dose-step. Dsxy is defined as the optimum dose when the measured width of the line and
space in the grating center is identical (crossing points). We usually take the estimated Dy, as an
anchor value to normalize the applied dose to a dimensionless quantity. This is essential that the
Ds, value is constant for the whole resist process analysis.

2.6 Base Dose

Base dose is the main numerical lithographic parameter and is used as the normalization factor in
modeling and the exposure corrections and is a constant for a given process.

Estimation of the base dose (Ds) is derived from the evaluation of width variations in the
central region of large periodic (1:1) line-space (L/S) patterns written with different hps in an
exposure wedge (EW) with fine dose-steps through the optimum up to higher dose values with-
out any correction (Fig. 6). The size of the L/S array is dependent on the e-beam energy used.
The long-range scattering parameter () for 50-keV electrons and the CoG mask is ~10 pym.

For IMS MBMW systems, the working area of approx. 82 x 82 um? suffices well for this
requirement. Measurements of lines and spaces are performed in the center of this L/S pattern
block.

The measured results of the CD to Dose measurement are shown in Fig. 6 with a specific
Dose slope. Experimental base dose determination is then the crosspoint of CDy g = CDgpace

2.7 a, p;, and ni—the Main PSF Parameters

The main task is to search for reasonable numerical f; and #; process-PSF-values required for
the next simulation steps. The optimum values allow reconstruction of the real situation with the
experimentally obtained contour shape of the resist pattern.

The f; and n; values significantly and precisely determine the final resist response to the dose
assignment over a large area of interacting and non-interacting patterns in both clear and/or
opaque modes, respectively. These parameters are sensitive to the resist/substrate material com-
position and the pre- and post-exposure processing. The simplest method of determining the
resist response to the applied dose is the measurement of resist pattern contour shift by varying
the exposure dose.

We used this method based on numerical analysis of the measured linewidth variation versus
exposure dose (Fig. 7). The dose increases in fine steps from the smallest reasonable value up to
high values (~10x the optimum dose) to directly visualize the whole effect of the backscattering
together with all additional process impacts. Measured data are plotted as a line-width versus
dose chart, normalized to base-dose and nominal target width. Figure 7 shows a typical trend of
an experimentally measured contour shift in the resist of an exposed isolated wide line. The
curve behavior represents the resist response to the backscattering together with all additional
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Linewidth vs.dose dependence (LSF = line spread function)
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Fig. 7 Typical line-width variation of a wide line-pattern exposed with increasing doses from
under- to a strong over-exposure, which allows visualizing the resist-response to the backscat-
tered electrons going up to the saturation. The chart is normalized to base dose (Dsy) and nominal
line width.

process impacts, including process window around the base dose (Ds). Total blur is the slope of
the linear part of measured response, the influence of backscattering due to long-range f-param-
eter with saturation at high overexposure, and the weight (r7) defined by the length of the linear
part of the curve between two bending points (BPs). Assuming the impact of the forward and
backward scattering contributions to be Gaussian, we try to physically explain this behavior.
Analysis and reconstruction of the measured curve allow the extraction of the numerical devia-
tions of the long-range Gaussian (f) and approximate its weight (). § and n parameters are used
to develop the first exposure model to predict the resist pattern contours.

It is worth noting that even small deviations in the resist processing steps may lead to sig-
nificant changes in the linewidth versus dose dependency and thereby to changes in PSF param-
eter values for unchanged resist/substrate materials and exposures.

The estimation of the shortest-range PSF parameter a, responsible for the inherent resolution
capability of the litho-system, over the important distance scale below 20 nm, is more challeng-
ing and the exact numerical values can be determined only from careful measurements on fine-
line patterns where resist metrology will get increasingly complicated. The most difficult fea-
tures to correct are the small structures with sizes under 100 nm such as square holes, contacts
with adjacent corners, closely spaced narrow lines, and jogs. If the test pattern primarily contains
such small features and there are no large patterns in the close neighborhood (test pattern is small
compared to the range of backscattering), the backscattering effect plays only a minor role in
the exposure correction process. Thus, if the PD is small (integrated background dose is low),
the optimization in the nanolithography requires mainly short-range corrections (resist, beam
aberrations, and the total process blur).

Blue dots on Fig. 8 show CD measurement of fine line patterns at various doses. The resulting
measured Dose Slope is specific for the given process. Measured data are numerically analyzed
to extract the standard deviation of the short-range Gaussian a. Dashed lines represent recon-
structed data by simulation with various a-parameters, which take into consideration long-range
and eventually mid-range parameters. The red-dashed line for « = 17 nm (corresponding to total
blur 6 ~ 12 nm) shows the best fit. As the chart illustrates, the method is very sensitive. Even a
very small change in « is well resolved in the sub-nm range. As shown in Fig. 9, small changes
in a-value (a—directly related to the total blur) contribute to the resist image formation.
Higher values fundamentally degrade the features, cause image blur, and deteriorate the obtained
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of the measured dose-to-line dependency for 100-nm wide line (blue dots) if the rest of all other
PSF parameters (already determined before) remain constant.
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Fig. 9 Aerial image of nested lines simulated with various a.

pattern.’! The higher the a-value, the lower the ultimate accessible resolution and as a direct
consequence more aggressive dose-correction in the whole write procedure will be necessary.

As a cross-check and for the final fine-tuning of the process parameters, it is recommended to
use a verification test-pattern exposed with exactly known varied pattern densities. For this pur-
pose, we used large arrays of various L/S rates. The goal here is again to reconstruct the mea-
sured native deformation of exposed feature details under changed local pattern loading by
appropriate process simulation, which should reflect actual process behavior.

The next specific pattern we are using in the resist screening process dose-dependency is
the EW applied in the direct measurement of the resist response to large-area exposures under
specified pre- and post-exposure conditions. The EW layout, as shown in Fig. 10, consists of a
set of exchanging large-area pads (>60 X 60 um?) exposed with individual doses assigned in an

Measured pads with dose-dependent residual resist thickness

Reference pads (resist free)

Fig. 10 Schematic illustration of EW pattern layout.
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ascending order starting from under-exposure to over-exposure with fine dose-steps. Each pad
exposed with a specific dose is surrounded from both sides by over-exposed and fully developed
pads as reference planes. This configuration allows the measurement of the residual resist thick-
ness responding to the individual dose using a profilometer in contact mode. The measured
results are roughly independent of the e-beam writer parameters itself (beam size, beam blur,
astigmatism, focus plane, and butting) and also of some process parameters (e.g., dose latitude)
or metrology offsets. Figure 11(b) shows the dependency of the residual resist thickness
(dissolution properties of resist) to the applied exposure dose within large-area exposures.
This directly provides the resist contrast curve under the specified post-exposure process.
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Fig. 11 (a) Dose slopes of (1:1) L/S test pattern with the highlighted Base Dose (Dsg); (b) sensi-
tivity (characteristic) curves of the analyzed pCAR on CoG and the EUV S3 samples w/o and
with FE plotted in dose relative to D5y obtained from (a); (c) resist pattern-contour shift dose-
dependency behavior for different EUV-stacks (S1, S2, and S3) compared with CoG substrate;

(d) calculated process-PSFs for four different mask stack compositions; (e) log-log presentation of
the PSFs from (d).
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Along with the resist dark-erosion and “top-loss,” the quantitative analysis of the measured data
yields the dose at which the resist fully develops and is called dose-to-clear (D,C). The large area
of the pads also means the pads are already completely saturated from the short- and long-range
electrons. In addition, the test is also sensitive to very-long-range fogging-electrons. The result
from this test shows all tool/process effects in the resist, so the pattern can be effectively used for
accurate local and/or global process stability monitoring and mapping as well.

3 Results and Discussion

Figure 11 shows the experimentally measured and analyzed substrate-stack specific dependent
lithographic parameters. Figure 10(a) shows the resulting CD change to the dose variation of
(1:1) L/S pattern as mean-to-target (MTT) versus exposure dose. The dose where MTT = 0 is
considered the base dose (Dsg). The slope of lines around the base dose directly relates to the
total process blur (short-range parameter a).

Results from a cross-check using our EW-test are shown in Fig. 11(b). Measured residual
resist thickness data normalized to the original resist thickness are plotted as a function of dose
relative to base dose (Ds) derived from Fig. 11(a). With increasing dose up to ca. 0.4 X D5, the
resist thickness is linearly decreasing, creating the so-called top-loss. The exact knowledge of the
top-loss dependence allows calculating the resist pattern height loss modulation dependent on
local PD changes (see Fig. 12). This effect directly contributes to the 3D resist-image formation
causing local image blur and deteriorating the contrast quality of the resist profile. A rapid
change in resist thickness occurs at doses close to 0.5 X Ds,. This part of the curve characterizes
the contrast of the resist. The steeper the thickness change, the better contrast of the resist and the
better the resist function as a threshold detector. Plotting a tangent to the steepest part of the resist
sensitivity curve will point to the D,C at which the resist clears the central region of the exposed
pad. The D,C is achieved at dose approximately half of the base dose (Dsg). The two parallel
dashed curves to the left in Fig. 11(b) represent the change of the same resist response shift to the
long-range fogging effect (FE) for the worst case of a 100% large-area PD. The left curve
belongs to the sample (S3) containing the complete EUV-stack of 40 ML pairs whereas the
curve in the middle shows the resist response of the standard CoG sample.

Figure 11(c) shows the linewidth vs. dose functions obtained from measurements of line-
patterns over a very wide dose range to collect as many backscattered electrons as possible into
the evaluated pattern. Measured data are normalized to base dose (Ds5;) and nominal target line-
width. Dashed lines represent the mathematical reconstruction. The strong overexposure visu-
alizes the resist-response mainly to the important mid- and long-range scattering around the BP,.
Also, the form of this function for each mask stack is distinctive. Even small changes in
the composition of the sample can be distinguished. We observe a visible difference in the
long-range properties of the EUV samples. With the increasing number of EUV mirror MLs

Full resist thickness after

CoG development (60nm) EUV S3
X

Norm. resist thickness

-30.000 -20.000 -10.000  0.000 10.000  20.000  30.000  40.0 000 -30.000

-20.000  -10.000  0.000 10.000  20.000  30.000  40.(

Fig. 12 Simulated resist thickness modulation (height loss in resist profile) across the center of a
50 um x 50 um array of 30 nm (1:1) L/S processed in 60-nm-thick pCAR coated on standard CoG
(left) and EUV-Mask (S3), which contains a complete absorber with 40 ML pairs of MoSi stack.
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Table 1 Extracted process PSF parameters for the given pCAR response on four different mask-
stacks.

CoG EUV S1 EUV S2 EUV S3
Absorber Chrome Only absorber w/ 20 ML w/ 40 ML
Base dose 145 133 132 130.5
Tailored PSF process parameters
a (nm) 15 19 19 19
n1/p1 (um) long-range 0.40/10.00 0.39/10.00 0.38/9.77 0.37/9.33
n2/P2 (wm) mid-range — 0.09 /0.53 0.11/0.65 0.13/0.74

(0 —» 20 — 40 ML for samples S1, S2, and S3) long-range f-parameter shortens from 10 ym
down to ~9 ym. As can be seen from Fig. 11(c), the mid-range scattering effect is only margin-
ally present in the CoG mask, thus it can be reconstructed using a 2-Gaussian PSF. In the case of
EUYV masks, the situation is different because a significant amount of exposure intensity is found
in the transition region between the forward- and backscattering [Figs. 11(d) and 11(e)]. The
long-range scattering of the S1 sample (w/o MoSi ML) is similar to the CoG mask, whereas the
EUYV absorber increases the mid-range scattering effects. The addition of Bragg-mirror layers to
EUV masks S2 (20 MoSi ML-pairs), and S3 (40 MoSi ML-pairs) affect the mid-range param-
eters. The mid-range (,) and the ratio of mid-range scattering (7,) are rising. Table 1 presents
the sets of the obtained process-PSF parameters corresponding to the four used masks.

Table 1 shows the extracted values for the calibrated process PSFs from Figs. 11(d) and 11(e).
The numerical analysis of measured data from the CoG sample allows for a simple 2G (2-
Gaussian) PSF approximation describing and correcting the resist response to the exposure.
From the point of long-range backscattering, we see a similar tendency as we observed in
Fig. 11(c), the addition of Bragg Mirror (20 and 40 ML pairs) visibly shortens the range of
long-range backscattering f3,. Regarding the effects in the mid-range area, Fig. 11(e), this part
also correlates well with measurement. Sample S1 (absorber only) already shows a /3, /7, mid-
range component. Range f, extends in samples S2 and S3, which is confirmed with the same

PEC Linearity test (EUV mask with full stack — S3)
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Fig. 13 PEC linearity test. The chart compares CD-linearity response over varying PD of a test

pattern corrected using 2-Gaussian and 3-Gaussian PSF correction model on EUV Sample S3
with full 40-ML mirror stack.
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tendency from the measurements shown in Fig. 11(c). Comparison of the weighting parameter 7,
is much more complicated due to its high reliance on the correct estimation of the Ds.
Process PSF parameters summarized in Table 1 were experimentally validated using sets of
exposed PEC linearity tests shown in Fig. 13. Measurements show CD-linearity behaviors over
the whole range of pattern densities, using 2- and 3-Gauss PSFs, for two base doses D1 (bottom

800  100.0
NN 336 420

()

- Center
“islands’’

Fig. 14 Mock curvilinear pattern design—Bucky-Ball; (b) CD-SEM images of patterns with refer-
ence linewidth CD1 = 80-nm exposed in clear tone on EUV samples S1, S2, and S3; (c) CD-SEM
images of patterns with reference linewidth CD1 = 100-nm exposed in opaque tone on EUV sam-
ples S1, S2, and S3; (d) SEM image with details of clear tone pattern (left) with reference line width
CD1 = 80 nm and pattern in opaque tone (right) with CD1 = 100 nm exposed on EUV sample S3;
(e) SEM close-up details of clear (left) and opaque tone (right) patterns.
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blue line) and D2 (upper red line) differing by 5%. The figure shows the result for EUV sample
S3 with a full EUV mirror. The 2G PSF for EUV sample S3 was obtained using mathematical
reconstruction from Fig. 10(c). Comparing measured curves on Fig. 13, a visible improvement in
CD linearity control is present for the 3G (3-Gaussian) PSF correction model at both doses D1
and D2. A 3G PSF allows using a wider range of finely tailored dose assignments to each pattern
detail, resulting in a larger process window. The positive effect of 3 (or more)—Gaussian PSF
correction will be more beneficial in layouts with strongly alternating local pattern densities with
fully curvilinear patterns.

Resolution capabilities of the pCAR resist coated on EUV masks with different stack com-
positions were tested using a mock curvilinear pattern resembling a “Bucky Ball”. Its shape is
widely known, therefore easy to inspect for any irregularities. The schematic layout of this mock
pattern is in Fig. 14(a). We exposed this pattern in a clear and opaque tone, with various scaling
and with PEC parameters evaluated for each EUV sample from Table 1. CD-SEM images of the
clear tone pattern exposed with a reference line width of 80 nm marked as CD; are shown in
Fig. 14(b). The smallest rings with a radial cross-section of just 17 nm marked as CD, are
resolved. CD-SEM images of the opaque tone mock pattern with reference line width CD; =
100 nm are shown in Fig. 14(c). A detailed image of the pattern in a clear and opaque tone on
EUYV sample S3 is shown in Fig. 14(d). Thin rings marked with CD, label are resolved with a
good line fidelity. The small “islands” highlighted in the center of the opaque tone pattern (right)
are also mostly resolved. These non-orthogonal features are in the sub-20-nm region.

4 Conclusion

Various mask-materials were explored using fast statistical Monte Carlo Modeling. Simulations
have shown alterations in the absorbed energy distributions of EUV masks with different stacks,
which is fully consistent with experimental observations. Even though, we could not directly use
the numerical values obtained from the statistical simulation to describe the real process. The
described model-based semi-empirical method creates a link between the model-parameters
obtained using results from precise direct measurements on the created patterns and the calcu-
lated ones using often uncertain fundamental physics. The experiments confirmed tendencies
and the fact that each small change in the mask absorber/ML composition requires an adequate
writing optimization, i.e. the necessity to adapt the model calibration values to changes in the
mask stack composition.

Adequate process parameters were extracted using the described holistic method utilizing
data analysis from precise metrology on a set of specially designed test patterns. The obtained
parameter set creates the base for solving the inverse problem in the lithography. Further
advanced dose-geometry fine computational corrections, such as MPC, allows minimizing the
difference between the final- and the ideal image.

This method was successfully implemented into leading-edge mask writing and resist/
substrate/tool testing for achieving the 7-nm technology node and below (Fig. 14) at different
EUV-mask stacks.

5 Summary

MBMW enables the precise geometry control and faithful reproduction of even ideal curvilinear
shapes generated with an appropriate exposure and process margin to finally yield optimum
wafer patterning quality.
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