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ABSTRACT. A critical factor in the fabrication of complex nano- and microstructures with high
quality and reproducibility is the determination of a suitable working point. This
applies particularly to lithography, which is the basis for transferring the desired pat-
terns onto the substrate. For this reason, we present a generic process optimization
methodology that has been successfully applied to four chemically amplified positive
and negative tone electron beam lithography photoresists with different sensitivities.
The method is iterative and designed for the best possible results with a minimum
use of resources. This is accomplished by identifying the critical key factors in photo-
resist processing using contrast curves and determining their impact. Starting with
the most influential bake parameter, the maximum effect is achieved. The method
used is similar to the Bossung plot procedure and aims for a maximum process win-
dow. After the bake parameters, the fundamentals of development kinetics are dis-
cussed, and a method for determining an appropriate development time is
presented. A mask making approach is then used to investigate the ideal exposure
conditions. This includes the determination of an appropriate base dose in conjunc-
tion with proximity effect correction and sizing. The evaluation of this method is dem-
onstrated by critical dimension linearity plots and scanning electron microscope
cross sectional analysis of resist profiles. The results presented demonstrate the
universality of the optimization approach.
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1 Introduction

Most engineers face the same question when testing, running-in, and fine-tuning electron beam
(e-beam) lithography processes: How do we optimize photoresist processing and exposure con-
ditions to obtain acceptable or, ideally, the best possible results? This is evidenced by the number
of published studies that address the optimization of bake,'™ exposure,*® and development’™
conditions for different resists. In these cases, a single parameter or a set of parameters is tuned to
improve the quality of the lithographic process and the resulting photoresist features using
proven techniques from optical lithography, such as Bossung plots,'® contrast curves,'! and pho-
toresist development models.'?> This will always increase the process latitude, but it will either
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require excessive experiments or fail to optimize the entire process including resist processing.
Switching the tool or resist for an optimized process causes different behaviors, thus requiring
additional experimental effort for transferring parameter values and matching results. This
implies that there is a need to investigate different performance characteristics over a wide param-
eter space and for mutual correlations to obtain an overall tuned e-beam lithography process,
covering bakes, exposure, and development conditions.

However, the results of this study show that such tuning procedures can be performed more
efficiently. By investigating a single output parameter and optimizing for critical dimension (CD)
stability, various process performance characteristics, such as resolution limit, sidewall rough-
ness, sidewall angle, and CD reproducibility, can be improved simultaneously. This can be
proven as the presented approach has already been applied successfully to optimize four chemi-
cally amplified positive and negative photoresists with different sensitivities. The procedure con-
siders the entire sequence of processing steps in lithography and simplifies the corresponding
multidimensional parameter dependency. This includes the effects of resist spin coating, post-
apply bake (PAB), exposure, post-exposure bake (PEB), and development.'>!* First, the impact
of bake parameters on the overall process is determined by contrast curves. Then, the results are
used to break down the multidimensional optimization problem into a simplified iterative
approach. This reduces the number of experiments required considerably and provides a
step-by-step solution for efficient and successful bake parameter optimization. Subsequently,
the determination of a suitable development time is addressed using development models and
CD measurements in resist. Finally, a sufficient approach from mask making is used to determine
the ideal exposure dose, proximity effect correction (PEC), and sizing values. In this way, a
stepwise instruction for efficient and successful optimization of electron beam lithography proc-
esses is provided.

2 Experimental

2.1 Design

During the experiments, two different designs were used for the optimization. The resist process-
ing pattern contained base dose variated isolated line (iso-line), isolated space (iso-space), and
dense-lines features for cross-section imaging and CD measurements. These ranged from 50 to
500 nm and 10 to 2000 nm, respectively. To create contrast curves, a matrix consisting of 150 ym
squares with 49 dose steps was set up for dose dependent resist thickness measurements. All of
the features were exposed at multiple positions on the wafer for redundancy and uniformity
checks, as described in the earlier publication by Greul et al.'

The design for the PEC optimization incorporated a dose series of features with different
background densities, as published by Hofmann et al.'® These features provided data to assess
CD performance and subsequently derive PEC parameters for the lithographic process, by apply-
ing a dedicated GenISyS TRACER software algorithm. The used base dose variation factor
ranged from 0.6 to 1.5 in 0.1 steps, and the exposed and measured pattern background variations
were 0%, 20%, 25%, 33%, 40%, 50%, 60%, 66%, 75%, 80%, and 100% for 100, 250, 500, and
1000 nm features.

2.2 Process Conditions

The experiments were carried out on 150 mm silicon wafer substrates using an automated resist
track. First, the RCA-cleaned!” wafers were vapor primed by hexamethyldisilazane at 130°C and
actively cooled to room temperature by a cool plate. This was followed by spin coating and post-
apply baking of the photoresist. Further, the baked resist layer was exposed on a Vistec SB 352
variable shaped electron beam (VSB) writer with a 50 keV acceleration voltage and a current
density of 20 A/cm?. The exposure dose was varied by dwell time. Then, PEB and development
with a 2.38% tetramethylammonium hydroxide (TMAH) solution followed. After patterning, the
generated resist features were measured and inspected.

2.3 Metrology

First, the remaining resist thickness for the contrast curves was measured by white light inter-
ferometry. Second, the CD measurements of lines and spaces were carried out using an Advantest
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LWMBO9000 scanning electron microscope (CD-SEM) by applying automated measurement rou-
tines. This enabled reproducible measurements of the features, which were necessary for data
evaluation. Third, images of the photoresist cross-sections were taken by a Zeiss LEO 1560
scanning electron microscope (SEM) after data analysis. The samples for cross-section inspec-
tion were prepared by cleaving the wafers and gold sputtering the probes to avoid charging
effects during imaging.

3 Bake Parameter Optimization

In process optimization, quantifying the influence of the parameters involved is crucial. A small
change in a single critical parameter can have a greater impact on the results than a large change
in several less critical parameters. This phenomenon occurs in many fields and is known as the
Pareto principle. Thus, optimizing one critical parameter can lead to a greater improvement than
optimizing several less critical parameters. Assuming a constant effort per parameter, this min-
imizes the resources used and provides the best possible efficiency. To characterize the effect of
bakes in lithography, contrast curves derived from dose-dependent resist thickness measurements
can be used. The remaining thickness describes the different dissolution rates of the photoresist
defined by the bake and exposure conditions, as described by Mack et al.'! Fitting models to the
data enables an assessment of the resist behavior and the quantification of the response to var-
iations in processing conditions. In traditional Hurter—Driffield-models,'® these occur as changes
in, e.g., dose to dark and contrast.

To evaluate the effect of bake conditions on the lithographic process, the bake parameters
must be varied from a starting point. A suitable center for the test matrix may be existing oper-
ating points or manufacturer recommendations. Investigations on the four resists have shown that
a temperature increase and decrease of 20 K (°C) or a duration of 30 to 60 s is sufficient. The
temperature should not be lower than 90°C or higher than 140°C as there is a risk with residual
solvents that chemical reactions will not take place or that the glass transition temperature of the
polymer matrix will be reached. As wafers are processed, only one parameter is varied at a time,
while the others are held constant at the selected center point. Here, exposure settings should be
chosen so that the reversal area in the contrast curve is within the range of interest and there are
enough data points to fit the curve models. This is the only way to ensure that the remaining resist
film thickness can be used to extract the parameters describing the photoresist behavior. For this
reason, the exposure dose in the contrast curves was varied linearly in 49 steps, ranging from zero
(unexposed) to ~1.5 times the dose needed to print dense-lines features. Further, repetition of this
pattern at five positions on the wafer ensured identification and elimination of possible false
readings. After all wafers were measured, the resulting contrast curves were fitted to the models
and compared. The changes caused by different PAB and PEB temperatures on the standard
resolution positive resist are shown as an example in Fig. 1.
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Fig. 1 Influence of (a) the PAB temperature to the photoresist contrast and (b) of the PEB temper-
ature of the standard resolution positive tone resist. The curves show that the PEB temperature
has more influence on the overall process than the PAB temperature in the investigated regime.
Therefore, PEB temperature control is more critical to this lithographic process and should be opti-
mized first.
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Table 1 Relative impact of the bake conditions for the four resists in the investigated regimes.

Influence PAB Influence PEB
Photoresist type Temperature Duration Temperature Duration
Negative: standard resolution 21% 4% 62% 13%
Negative: high resolution 52% 5% 38% 5%
Positive: standard resolution 26% 7% 61% 6%
Positive: high resolution 84% — 16% —

Based on the fits, the quantities describing the turnaround range of the curves were then
extracted and used to calculate the impact of the corresponding bake parameter on the process.
This was accomplished by determining the absolute maximum change in dose-to-dark and
dose-to-clear, or respectively dose-to-gel, caused by every temperature and time variation.
The relative influences of all bake parameters were then calculated by relating the corresponding
values and averaging the results, as shown in Table 1. In the case of the high resolution positive
tone resist, the impact of the bake time was deemed insignificant based on previous investigations
of the other resists. This assumption was later confirmed in further experiments.

A Bossung plot-like procedure was then used to iteratively optimize the bake conditions
from the most influential parameter to the least influential parameter. For this purpose,
dense-lines, iso-line, and iso-space features were exposed with several doses onto wafers, for
the purpose of automated CD-SEM measurements. The wafers were then baked at different tem-
peratures and durations. After development, the created resist features were measured by an auto-
mated CD-SEM routine, and the measurement results were plotted. To illustrate the process
behavior and the corresponding sizes of possible process windows, a three-dimensional (3D) poly-
nomial function was fitted to the CDs. The corresponding trends were then used to determine a
suitable operation point for the bake conditions, similar to the identification of the isofocal condition
in the Bossung plot procedure. Based on these plots, it was possible to identify the temperatures and

260 CD Behavior of 200 nm Dense-Lines dependent on PAB Temperature and Exposure Dose
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Fig. 2 Measured feature sizes of dense-lines with a 200 nm target CD at different PAB temper-
atures and base dose levels in the high resolution positive tone resist. The symbols show the
measured feature sizes, and the CD trend is illustrated by a polynomial fit function. Based on the
data, feature sizes increase at higher temperatures and process control becomes more difficult
above 100°C due to a correspondingly smaller process window. For temperatures below 90°C,
CDs become smaller. Therefore, a PAB temperature of 95°C was chosen to achieve an almost
temperature-invariant operation point.
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200 nm
I

Fig. 3 Dense-lines resolution limit of the optimized lithographic processes: (a) 60 nm dense-lines
in the 150 nm thick high resolution negative tone resist'® (image reprinted modified with permission
of SPIE), (b) 50 nm dense-lines in the 100 nm thick high resolution positive tone resist, (c) 100 nm
dense-lines in the 300 nm thick standard resolution negative tone resist, and (d) 100 nm dense-
lines in the 300 nm thick standard resolution positive tone resist.

durations that lead to the smallest changes in the CDs and thus provide the maximum process
window. A corresponding plot is shown in Fig. 2. The procedure to determine the most suitable
operating point is thoroughly described in the publication by Greul et al.'

The tests showed that a variation of temperature or time from the center point of £20 K (°C)
in 10 K (°C) steps or 60 s in 30 s steps is sufficient. Furthermore, it was shown that a dose
variation of 30% in 10% steps always leads to good results with an already existing PEC. It
should be noted, however, that a corresponding long-range PEC can be determined on a
Monte Carlo (MC) simulation basis, as described in Sec. 5, if no PEC is available.

The iterative optimization was repeated successively for each bake parameter until the
desired results were accomplished. For the resists studied, the optimization of the temperature
was mostly sufficient for achieving a high-resolution limit, low sidewall roughness, steep side-
wall angle, and high CD reproducibility. The SEM cross-section images in Fig. 3 show the resist
profiles obtained after optimization.

However, for optimal performance, the bake duration was also considered to extract the final
10% to 15%. It should also be noted that the iterative method cannot reproduce the multidimen-
sional correlations between the bake parameters, but the approach makes it possible to keep the
error so small that it is almost negligible, as shown in the comparison by Greul et al.'> As a result,
the presented approach allows for an efficient and successful optimization.

4 Development Time Determination

In lithography, development reveals the image information stored in the photoresist layer by
exposure and bake conditions. This process is typically carried out using isotropic TMAH sol-
utions, which dissolve exposed and unexposed resist molecules at different rates and pattern the
resist layer for subsequent processing steps. As resist mask properties may vastly fluctuate at
unstable operation points, selecting appropriate development conditions is essential here.
How to identify and choose the correct parameters can be illustrated using the development
kinetics of the lumped parameter model (LPM)."”

The LPM describes the photoresist solubility as a function of the exposure dose. If this dose-
dependent development rate and the energy distribution in the resist layer are known, the result-
ing photoresist structures can be calculated in respect to the development duration.”” As a basis
for identifying the appropriate development conditions, the effects of underdevelopment and
overdevelopment are shown and explained, using the LPM and the exemplary energy density
distribution in the 300 nm thick standard resolution positive tone resist, as shown in Fig. 4.
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Fig. 4 Correlation of the development rate, exposure dose distribution, and development front in
the 300 thick standard resolution positive tone resist: (a) measured contrast curve, (b) and
(d) simulated absorbed energy distribution for 200 nm wide iso-space and dense-lines, (c) and
(e) simulated developer front propagation into the resist bulk for 200 nm wide iso-space
and dense-lines. The target layout is marked by dashed vertical lines plus a red horizontal bar
in (b), (c), (d), and (e). In (c) and (e), the discrete arrival times of the development front are
indicated by different colors.

In general, the development process can be divided in three regions: first, the un- or only slightly
exposed region with a minimum development rate; second, and most importantly, the mid
exposed region with a gradually changing development rate; and third, the highly exposed
regions with a maximum development rate. Because the easily soluble region three is only
present in the center of exposed patterns, region two, where the development rate varies strongly,
defines the edges and thus the CD. Without optimization, small process variations in, e.g., devel-
opment duration not only can result in relatively large CD changes but also can affect the sidewall
angle as well as the roughness of the patterned resist features. Therefore, a suitable working point
is important for many different lithographic performance characteristics.

The developer front in e-beam resists can be simulated by determining the dose dependent
development rate from contrast curves, as shown in Fig. 4. A few 100 nm thick photoresists
exposed with 50 keV acceleration voltage offer the huge technical advantage that there is practi-
cally no energy loss from electron absorption,?! which has to be considered. However, it should
be noted that individual tool and process related scattering effects>” must be taken into account to
obtain the accurate energy distribution and development front propagation in resist.

According to Fig. 4, the development time should be long enough so that the development
front can certainly and reproducibly reach the resist bottom for any pattern density. To avoid a
negative impact from underdevelopment on the CD control and sidewall angle, a longer
development time, or alternatively a higher dose, should be considered. However, it is important
to keep the development time as short as possible because longer development durations
(overdevelopment) also decrease the resist thickness. This will affect subsequent processing steps
as the photoresist mask is degraded. Furthermore, the exposure dose is not a free parameter as
stable working points should remain close to the isofocal dose condition (see Sec. 5). Although
the change in CDs remains constant for development times above 30 s and correlates with the
erosion rate known from contrast curves, the CDs at 15 s development time deviate from this
constant rate (see Fig. 5). For a better illustration of the different regions in the graph, the erosion
rate and nonlinear development kinetics were fitted and plotted.

From the data shown in the graph, it can be determined that the optimum development time
is in the range where the limited growth function approaches its linear limit. In this case, the
nonlinear development component saturates at ~30 s, which is also the result of the contrast
curve based developer front simulations shown in Fig. 4. Further tests with the dense-lines,
iso-space, and iso-line patterns present on the wafers have shown that this value is independent
of the feature size and structure type. This suggests that depletion and load-dependent effects
play a minor role in the development of the 300 nm thick positive tone standard resolution resist.
Reasons for this could be the comparatively low resist film thickness and the sufficient amount of
developer provided by the double puddle development. Thus, the development time for the proc-
ess does not need to be extended any further than necessary to ensure that all features are
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CD Behavior of 200 nm Dense-Lines dependent on Develop t Duration and Exposure Dose
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Fig. 5 Measured feature sizes of dense-lines with a 200 nm target CD processed at different
development durations and base dose levels in the standard resolution positive tone resist.
The symbols show the measured feature sizes, and the dashed lines illustrate a nearly linear
regime for development durations over 30 s. To also illustrate the bad CD control due to under-
development for a duration below 30 s, an exponential growth function was fitted (solid lines).

sufficiently developed. As a result, a development time of 30 s can be considered to be optimal
for this lithography process.

5 Isodose Exposure Conditions and Proximity Effect Correction

In e-beam lithography, the feature density has to be taken into account during pattern exposure as
electron scattering effects lead to a deposition of a certain dose in nearby areas.? If this additional
dose is not taken into account, CD linearity and uniformity will vary dramatically for different
feature types, or even the same feature type in different adjacencies, on the substrate.>* For this
reason, PEC algorithms are used during data preparation to calculate the required exposure dose
for each feature with respect to nearby structures. These algorithms rely on point spread functions
(PSFs) and model proximity effects to adjust the exposure dose for each feature. To achieve the
desired design values in resist after development, we used the commercial software from the
GenlSys GmbH that has been successfully applied for PEC optimization in photomask fabri-
cation using e-beam lithography'® and the optimization of 3D resist topography.* For the fol-
lowing optimization, we applied the same software packages and merged the PEC and lateral
development into a correction model, aiming for the optimal process window with tight CD
control. The model calibration was carried out experimentally with test layouts to determine
the process blur contrast curves and to consider the layout-dependent lateral development effects.
The main idea behind the applied procedure is that the ideal base dose stays close to the isofocal
condition and PEC and sizing for lateral development effects are merged into a consistent and
computationally efficient correction algorithm. This implemented model-based approach
resolves the complex parameter dependency of the base dose, resist contrast, resist thickness,
and PSF, while considering the substrate type, layer stack, and acceleration voltage. For chemi-
cally amplified resists, it must be noted that existing TRACER fit routines merge all specific
effects into one effective process blur fit parameter, simplifying PEB kinetics, not taking base
quencher into account, and thus resembling the original LPM."

To explain the overall procedure in more detail, the applied approach is described stepwise.
First, the GenISys TRACER software is used to simulate the electron scattering PSF via Monte
Carlo (MC) simulations in the layer stack. Then, the e-beam exposure data for the base dose and
pattern density variated layout'® are generated by applying the simulated PSF. The e-beam pat-
tern data are exposed to the resist, and the corresponding features are measured after develop-
ment. By importing the received CD measurement data with the photoresist contrast curve to
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Fig. 6 TRACER model calibration results for the 300 nm thick standard resolution positive tone
resist: (a) measured CDs of MC PSF corrected 250 nm features with base dose and pattern density
variations. The measurement values are represented by the crosses, and the simulated calibration
result are represented by the full lines. In the gray boxes, the optimized base dose and coverage
dependent correction bias values from the calibration are shown. (b) The complete PSF featuring
the PSF from MC simulation and the fitted process blur.

TRACER, the basis for model fitting is provided. The process dependent dose-to-clear and con-
trast values from the contrast curve contribute additional information, which are used to deter-
mine the total process blur by fitting the CD response in respect to the base dose and pattern
density variations. Thus, the fitted process blur provides the shot-size dependent landing angle
distributions from the VSB exposure system plus resist dependent effects, which are inaccessible
for pure MC e-beam scattering simulations. By adding the fitted process blur value to the MC-
determined PSF, a full PSF for the PEC algorithm is received. During this model based fitting
procedure, TRACER also suggests a base dose for exposure, a lateral development bias value per
layout density, and the actual density-dependent exposure dose, as shown in Fig. 6. Even though
exposure at the suggested base dose from using the TRACER software is not explicitly required,
the suggested base dose is closest to the isofocal condition and provides the largest process win-
dow. This simulation-aided tuning procedure requires no defocus settings on the e-beam writer
for finding the isofocal dose condition, thereby minimizing the experimental effort.

Model parameters for each resist type from Table 1 can be stored and imported to the
GenlSys BEAMER software for PEC and lateral bias corrections on arbitrary layout designs,

S0 CD-Linearity of the Standard Resolution Positive Tone Resist
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Fig. 7 CD linearity of the standard resolution positive tone resist with the TRACER generated full
PSF for PEC. The symbols show the measured feature size deviation from the target value and the
trend as well as the maximum acceptable target CD variation of 5% is illustrated by the lines.
Interruptions in the solid lines indicate magnification changes during CD-SEM measurement from
200,000x to 100,000x and 50,000x. The resulting magnification induced CD errors were corrected
by considering correction values determined by an Arrhenius plot.
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as shown in Fig. 6. If the most suitable base dose and the process based PSF are determined as
described above, no additional improvements are necessary for tuned e-beam exposure. Fitting
accuracy in Fig. 6(a) is potentially limited by two effects: (i) metrology-induced resist shrinking
that is strongest for 0% pattern density (iso-space is measured too large) and (ii) model simplicity
without considering all chemically amplified resist kinetics, which are most pronounced for
100% pattern density at high doses.

For validation, the pattern was re-exposed to the wafers using the suggested base dose. In
addition, the 10 to 2000 nm line structures with base dose variation were printed on the wafers to
evaluate the corresponding CD linearity. The results of all measured patterns showed significant
improvements in terms of CD control as the CD variation with respect to background and shot
size decreased for the isofocal dose condition. This improvement was particularly evident in the
low iso-dense bias of the CD linearity, as shown in Fig. 7. The CD variations in the iso-lines are
a result of shot placement errors, due to two-shot exposure of the features. Thus, the method
implemented by Hofmann et al.'° is also sufficient for optimizing e-beam exposure on wafers
and provides a way to evaluate the PEC issues described in a previous resist optimization
paper."

6 Summary

Based on the results, this study showed a way to optimize an entire e-beam lithography process
from bakes to exposure to development with maximum success and minimum experimental
effort. The procedure was carried out on four different chemically amplified resists with different
tonality and sensitivity values on VSB tools and led to the desired goal in each case. By opti-
mizing the bakes, it was possible to create an optimal image in the resist, which positively
affected various lithography performance characteristics, such as resolution limit, sidewall
roughness, sidewall angle, and CD reproducibility. In addition, by adjusting the development
conditions according to the theory of the LPM, it was possible to minimize dark erosion while
keeping CD variations as low as possible. Size variations due to proximity effects during expo-
sure were also addressed based on a previously published experimental approach for mask mak-
ing, and the positive effects on the achieved CD stability were validated by CD linearity. Thereby,
an overall approach for universal photoresist process optimization in e-beam lithography was
provided.

Code and Data Availability

Company proprietary information will not be made available, but the manuscript content is con-
sistent with JM3 technical content guidelines.
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