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In this paper the characterization of the mr-EBL 6000.5, which is an epoxy resin based chemically amplified
negative tone resist from micro resist technology (Germany, Berlin) for an Intra-Level Mix & Match (ILM&M)
approach is presented. The ILM&M approach combined at least two exposure technologies on the same resist
layer showing the advantage to resolve patterns of different dimensions with less process steps and short pro-
cessing time. Since the mr-EBL 6000.5 resist is capable of being sensitive to both electron- and UV-radiation,
process parameters for i-line stepper lithography and electron beam lithography (EBL) needs to be investi-
gated to be capable for the ILM&M approach. First, a spin curve and a post exposure bake (PEB) study were
applied to find suitable process parameters for both exposure technologies. Furthermore, the minimum feature
sizes for both patterning technologies are investigated by using a 500 nm thick resist layer. The impact of small
feature sizes near the CD-limit of the used i-line stepper (350 nm) on the resist thickness after the development
was investigated in dependence of the PEB. After all parameters were examined, they were combined to be used

in the ILM&M.

1. Introduction

The manufacturing of devices in latest research topics like quantum
technologies, photonic integrated circuits (PICs) or micro-electro-
mechanical systems (MEMS) requires smaller and more miniaturized
patterns [1]. Layouts often contain small structures below 300 nm and
large structures in micrometer scale for connecting purposes on the same
design. To fabricate those smaller structures especially in the research
and development (R&D) field often EBL is used to precisely manufacture
structures on nanometer scale [2]. One disadvantage of EBL is the huge
exposure time due to its sequential writing technique [3]. To overcome
those limitations especially when also large patterns have to be gener-
ated on same layer/ design the ILM&M approach can be used/ applied to
shorten the exposure time and therefore overall process time [4-6]. For
instance, Skjolding D.H.L. et al. demonstrated the use of nanoimprint
lithography together with UV lithography [7]. Also, the combination of
direct laser writing with field-emission scanning probe lithography was
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used [8]. Here at least two exposure technologies were applied on the
same layer of resist. In the present work smaller structures below 400 nm
were manufactured with EBL and larger ones with i-line stepper
lithography. To set up the ILM&M approach, the process parameters for
both exposure technologies were investigated. This work concentrates
on the examination of the lithographical process parameters and limi-
tations of the resist mr-EBL 6000.5 from micro resist technology (Berlin,
Germany).

2. Experimental details

In this work the mr-EBL 6000.5 with a thickness of 500 nm is used. In
fact, the resist is sensitive to both electron and UV-radiation, which
makes the resist suitable for the ILM&M approach. Standard silicon
substrates were used pre-treated at 200 °C for 30 min in a convection
oven to dehydrate the surface. Next the resist is coated with a semi-
automatic spin coater from Sawatec (SM-200). An amount of 3.5 ml
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resist was dosed automatically and then accelerated to 3000 rpm for
120 s. The full spin curve is shown in Fig. 1 a) (measured with Dektak 8
Profilometer), the heatmap of the resist thickness at 3000 rpm measured
with Woollam RC2 ellipsometer is shown in Fig. 1 b); all values are after
the softbake. The softbake to evaporate the solvent was applied for 3 min
at 120 °C on a semi-automatic hotplate from Sawatec (HP-200). The
average resist thickness (after softbake) is 521 nm with a standard de-
viation of 3.9 nm. The exposure was performed with two different
exposure tools. First the UV exposure was applied using an i-line stepper
NIKON NSR2205i11D with a CD-limit of 350 nm, afterwards the EBL
with a SB254 from VISTEC (shaped beam, 50 kV). The exposure
parameter sets applied are shown in the corresponding section 3.1 and
3.2. Regarding the i-line exposure, the exposure dose was used to tune
the structures dimensions, the focus was constant at 0 pm. The influence
of the PEB on the lithographic patterning results is shown in section 3.3;
it was found, that a PEB for 60 s at 90 °C works best for both exposure
tools. The final process parameters are summarized in Table 1.

In Fig. 2 the photonic integrated circuit (PIC) design, used for setting
up the exposure parameters, is shown. This PIC is part of the SisN4 PIC
platform introduced before by Reinhardt M. et al. [5] and Tank F. et al.
[10]. In a) one design part is shown which contains 72 different PICs.
Fig. 2 b) illustrates one of the PICs consisting of two coupling structures
with 400 nm grating pattern and 800 nm square holes; connected via a
900 nm wide and 2500 pm long waveguide. In the middle of the
waveguide a ring resonator is located with a gap between waveguide
and ring resonator of 1000 nm. This layout is used to determine the ideal
exposure dose and PEB process parameters. SEM images of the gap as
well as of the coupling structure are shown in Fig. 2 b) at the bottom.

3. Results and discussion
3.1. Resolution limit of mr-EBL 6000.5 using i-line stepper lithography

The patterning result strongly depends on the applied exposure dose.
Therefore, it is important to evaluate the perfect dose to achieve the
exact structure dimensions as intended. In addition, the ideal exposure
dose must be determined for the resist thickness and is also influenced
by other parameters like the layout or substrate material. The exposure
dose range results were previously reported by Reinhardt M. et al. [5].

By varying the exposure dose between 390 mJ/cm? and 450 mJ/cm?
the results show that the ring width and waveguide width increase with
increasing dose. The feature sizes with the dose of 440 mJ/cm? do not fit
into the overall trend and are classified as an error here. However, the
exposure dose of 420 mJ/cm? produces the best results in order to match
the layout’s dimensions. Here the ring and waveguide width are close to
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Fig. 1. a) Spin curve of the mr-EBL 6000.5 negative tone resist using semi-
automatic spin-coater SM-200 from Sawatec, measured with Dektak 8 Profil-
ometer after softbake; b) Heatmap of the resist thickness at 3000 rpm measured
with a Woollam RC2 ellipsometer after softbake.
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Table 1
Processing parameters for mr-EBL 6000.5 with EBL and i-line lithography
separately and combined with the ILM&M approach.

Electron beam ILM&M

lithography separately

Exposure Tool i-line stepper

lithography separately

Substrate
preparation

Spin-coating, 3.5 ml mr-EBL 6000.5 at 3000 rpm, 120 s, 521 nm film thickness
resist (after Softbake)

Dehydration bake: Oven, 30 min at 200 °C

Softbake Hotplate, 180 s 120 °C

2. .
Exposure 1.75 pC/cm? 312110 mJ/cm?; Focus: 0 See left
Development PEB: 60 s, 90 °C; mr-Dev 600 for 60 s, IPA & DI-W rinsing

the intended 900 nm and the gap between the waveguide and ring
resonator is approximately 1000 nm. The results of the exposure dose
test are shown in Fig. 3.

The determined i-line stepper dose of 420 mJ/cm? was used to
evaluate what the resist is capable of in terms of resolution. Therefore,
tuning fork structures were exposed and pattern dimensions were
evaluated using a CD-.

SEM (Hitachi CS4800). The tuning fork structures consist of a main
pattern with forks attached, the forks sizes range between 300 nm up to
2 pm. SEM images of the smaller tuning forks, ranging from 300 nm to
600 nm, are shown in Fig. 4. The smallest dimension (targeted size: 300
nm tuning fork structure) is 241 nm in width, this is below the CD-limit
of the stepper which is 350 nm. The downside of achieving such small
feature sizes is a loss of resist thickness due to a maybe lower cross-
linking degree. Due to small feature sizes on the mask, only a small
amount of light passes through the mask. Since the mr-EBL 6000.5 is a
negative resist, less light and PEB at low temperature leads to less cross-
linking and therefore to resist thickness reduction. The remaining resist
thickness dependence on tuning fork dimensions after the development
(PEB applied 24 h after the exposure) is shown in Fig. 5 (a). The smallest
300 nm tuning fork structure has a resist pattern thickness of <50 nm. By
increasing the feature sizes the resist pattern thickness increases up to
300 nm with the 1 pm width tuning fork structure. But even with larger
structures the resist thickness after development wasn’t near to the
initial resist thickness of ~521 nm. The highest resist thickness values
measured are slightly above 300 nm. By applying the PEB directly after
the exposure, higher resist thicknesses after the exposure can be
measured (Fig. 5b). For this kind of resist, where the crosslinking reac-
tion is cationic initiated during exposure, the application of the PEB (and
the timing) is mandatory leading to a cross-linked resist and has there-
fore a significant impact on the final resist pattern thickness. Since this
resist is often used as an etching mask, the residual resist height is quite
important. Hence, in the next section the influence of the PEB on resist
thickness is investigated further.

3.2. Influence of the post exposure bake

The PEB, meaning the temperature and the duration, strongly affects
the patterning results in dimensions and resist pattern thickness after the
development. There are two main processes which are strongly affected
by the PEB, the chemical crosslinking degree and the diffusion of the
photoactive chemical compound [9]. In case of the mr-EBL 6000.5
during exposure the photoinitiator generates cations, which are
responsible for the chemically amplified cross-linking reaction during
the PEB. The loss of photo-generated cations by diffusion, evaporation or
neutralization with atmospheric base contamination may take place
during the post exposure delay (PED). This effect depends on applied/
used resist type, for that the application of the PEB is recommended to be
done timely after the exposure [11,12].

Therefore, it is important to determine the ideal PEB temperature
and duration to achieve patterning results matching the targeted design
dimensions. By making use of the ILM&M approach it is even more
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Fig. 2. Optical microscope image of the chip layout (a), the chips include 72 different PICs embedded in a frame. An exemplary PIC is shown in (b) consisting of a
waveguide (1) with 900 nm width ending up in a coupling structure (2) on each side. In the middle of the waveguide with a gap of 1000 nm a ring resonator (3) also
with a width of 900 nm is arranged. Si substrates with 1 pm SiO, and 450 nm Si3N4 on top were used.
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Fig. 3. Structures dimensions of ring width, waveguide width and gap width of
the PIC depending on the applied exposure dose. The size of the mask dimen-
sion is shown as a horizontal line, 900 nm in case of the ring and waveguide
width and 1000 nm in case of the gap width. The Data was generated by using a
CD-SEM (Hitachi CS4800).

important, because the PEB parameters must fit for both EBL and i-line
exposure. The PEB process suggested by the data sheet of the mr-EBL
6000.5 intends a PEB with 120 °C and 5 min duration. After applying
a dose test, it was found that regardless of the dose there were cross-
linked resist residuals in the gap between the ring resonator and the
waveguide.

To reduce the cross-linked resist residues between desired patterns
an adjustment of the PEB process was evaluated. The temperature was
reduced from 120 °C to 90 °C and the duration from 5 min to 1 min. The
results are shown in Fig. 2b. The reduction of the PEB temperature and
duration requires a higher exposure dose compared to the recommended

PEB process (of 5 min @ 120 °C), but at the same time reduces the cross-
linked resist residues in the gap between ring resonator and the wave-
guide patterns and in the square holes of the coupling structures
significantly. The downside, which comes from the reduced PEB time
and temperature, is a reduction of the resist pattern thickness after the
development.

Next to the baking parameters itself, the time between the exposure
and the PEB (post exposure delay PED) has an influence on pattern
dimension and remaining resist thickness. It is recommended to apply
the PEB timely after the exposure to finally cross-link and fix the exposed
resist patterns. The reason for that is the diffusion and lifetime of the
generated cations during the exposure. By a long PED, the cations may
diffuse out of targeted pattern dimensions and may no longer be avail-
able for the crosslinking reaction. Applying the PEB directly after the
exposure could be challenging, when for the ILM&M approach two
different exposure technologies are applied on same layer. Therefore, a
PED study was conducted. Four 6" silicon wafers were coated with a 500
nm mr-EBL 6000.5 layer. On wafer one and two the full PIC-layout
including coupling structures, ring resonators, waveguides and frames
was exposed with i-line stepper with 420 mJ/cm?. Wafer three and four
were exposed with EBL but without the frame, with a dose ranging from
1.5 pC/cm? to 4.5 pC/cm? in 0.25 pC/cm? steps. Wafer one (i-line) and
three (EBL) received the PEB and development straight away after the
exposure. The other two were kept under clean-room condition for 24 h
and then baked and developed. The resist thickness of developed pat-
terns was measured with a Dektak 8 Stylus Profilometer from Veeco. The
results are shown in Fig. 6; in a) the resist thickness of the structures
exposed with the EBL are shown.

Two correlations are visible, first with a higher exposure dose the
resist pattern thickness after the development is higher for both PEB
variation (directly vs. after 24 h). A higher exposure dose leads to a
higher cross-linking degree which results in lower resist thickness

300 nm Tuning Fork 350 nm Tuning Fork

400 nm Tuning Fork

600 nm Tuning Fork

500 nm Tuning Fork

Fig. 4. SEM images of tuning fork structures exposed with 420 mJ/cm? with the i-line wafer stepper NIKON NSR2205i11D with sizes from 300 nm to 600 nm (top);

PEB: 1 min at 90 °C.
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Fig. 5. Remaining resist thickness after the development of the tuning fork structures (Fig. 4) exposed with i-line stepper with 420 mJ/cm?; a) PEB 24 h after the

exposure, b) PEB directly after the exposure.
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Fig. 6. Remaining resist thicknesses (3000 rpm, 521 nm) after development with PEB variations, waveguides (WG), coupling structures (CP) and frame (see Fig. 2 a))
were measured: a) EBL exposure depending in the exposure dose and b) i-line exposure depending on the position on the wafer (420 mJ/cm?2).

reduction after development. Secondly, what stands out is the dramatic
reduction in resist pattern thickness by delaying the PEB for 24 h. For
instance, the waveguide exposed with 1.75 um/cm? has a resist pattern
thickness of 360 nm after development. Delaying the PEB by 24 h the
resist pattern thickness decreases by 135 nm to 225 nm. The structures
exposed with the i-line stepper show the same behavior. Here the dose
was kept the same, but the structures were measured at flat, half radius
and center position of the wafer. The difference between applying the
PEB directly after the exposure or after 24 h leads to a thickness dif-
ference of at least 120 nm.

The same results are observed by measuring the resist pattern
thickness of the tuning fork structures (Fig. 4). It shows the resist pattern
thickness dependence of the applied PEB (after 24 h and directly after
the i-line exposure) for different sized tuning fork structures. Applying
the PEB directly after the exposure the resist thickness stays above 500
nm from an initial thickness of 521 nm. By delaying the PEB by 24 h the
resist thickness is reduced by 200 nm to 300 nm after the development.
The resist pattern thickness of smaller features below the CD-limit are
even further reduced below 50 nm with the 300 nm tuning fork struc-
ture. Applying the PEB directly after the exposure of smaller features are
also reduced in thickness, but the lowest thickness stays above 200 nm
with the 300 nm tuning fork structure.

3.3. Resolution limit of the mr-EBL 6000.5 using EBL

The achievable resolution of the mr-EBL 6000.5 with the EBL was
figured out by using a square and line/space layout with a pitch of 1:1.
This layout having feature sizes of 500 nm, 250 nm and 200 nm, was
exposed with a dose of 1.75 pC/cm? in a 521 nm thick resist layer
(Fig. 7). With decreasing feature sizes, the squares get.

rounded. The overall size is a little smaller than intended by the
layout. Below 200 nm (<100 nm) the squares are not uniform anymore
and between the line/spaces cross-linked resist residuals appear. For this
reason, the mr-EBL 6000.5 with a thickness of 500 nm is not suitable to
feature sizes below 200 nm.

To resolve small structure sizes, it is important to determine the
proximity effect correction (PEC) parameters depending on the layout
and resist configuration. This is especially required to achieve clearly
defined and separated patterns without cross-linked resist in-between in
the coupling structures [5].

3.4. ILM&M approach

The ILM&M approach combines at least two exposure technologies
on the same resist layer. Complex layouts with structures below the
resolution limit of i-line steppers are often exposed with EBL. EBL is
ideal to expose small feature sizes but is strongly limited in writing speed
especially for larger structures. The ILM&M approach is an excellent



S. Schermer et al.

Squares
Pitch 1:1

Line/Space
Pitch 1:1

Micro and Nano Engineering 23 (2024) 100264

500 nm

Fig. 7. SEM Images of squares and line/space structures with 200 nm, 250 nm, and 500 nm Layout exposed with 1.75 uC/cm? and a Pitch of 1:1.

opportunity to combine the high-resolution aspect of the EBL with the
fast-writing speed of the i-.

line stepper to generate patterns with a high throughput and
improved pattern design flexibility of having different pattern
dimensions.

The PIC platform patterns of Fig. 2 were, with an ILM&M approach
by using the lithographical process parameters in Table 1, applied on 6"
wafers. Each wafer contains 150 dies, and each die contains 72 different
PICs. The wafer was patterned with an alignment mark system first, so
that the i-line stepper as well as the EBL could align their exposure
properly. The frame, waveguide and ring resonator patterns were
exposed by the i-line. The EBL was used to expose the coupling structure
directly next to the waveguide. Fig. 8 a) shows the patterned 6" wafer,
one of the fabricated PICs is shown in Fig. 8 b). In Fig. 8 c) the overlay
result of the EBL exposure stitched next to the waveguide exposed with i-
line stepper is shown. Using this ILM&M approach the exposure time
was dramatically reduced. The full processing of one wafer as shown in
Fig. 8 a) with only EBL would take 14 h. The overall process time with
the ILM&M approach was reduced to 2.5 h EBL exposure +3 min i-line
stepper exposure.

4. Conclusion
The process parameters for the mr-EBL 6000.5 resist were investi-

gated for both EBL and i-line stepper exposure. A PEB study was applied
to adjust the PEB to the i-line stepper and EBL exposure. PEB

a) b)

temperature was reduced from 120 °C to 90 °C and the duration was
shortened from 5 min to 1 min. A substantial impact from the delay time
between exposure and PEB was explored. If the PEB doesn’t take place
right after the.

exposure, the resist thickness is reduced by at least 20%. This is an
important fact to ensure the process stability and constant feature sizes.
Moreover, for a reproducible etching process the resist thickness must be
almost identical for each wafer. For that the PEB has to take place
immediately after the exposure. If two exposure techniques are used,
two PEBs (one after each exposure) could be considered to reduce the
effect of resist pattern reduction caused by a PED. With this knowledge
an ILM&M process was applied. By using EBL and i-line stepper exposure
on the same resist layer, the exposure time was reduced significantly
from 14 h with EBL only, to 2.5 h EBL + 3 min i-line stepper exposure.
This reveals a great potential for higher flexibility and lower exposure
times for the manufacturing of modern MEMS or PICs.
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Fig. 8. Illustration of the ILM&M approach: a) image of the processed 6" wafer with 150 dies, b) microscope image of one fabricated PIC, ¢) SEM image of the
stitching area with EBL exposure at the left and i-line stepper exposure at the right.
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