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Abstract. A new class of negative-tone resist materials has been developed for electron beam
and extreme ultraviolet lithography. The resist is based on heterometallic rings. From initial
electron beam lithography studies, the resist performance demonstrated a resolution of 40-nm
pitch but at the expense of a low sensitivity. To improve the sensitivity, we incorporated HgCl2
and HgI2 into the resist molecular design. This dramatically improved the resist sensitivity while
maintaining high resolution. This improvement was demonstrated using electron beam and
extreme ultraviolet lithography. © 2022 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JMM.21.4.041404]
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1 Introduction

The ability to produce patterns at the nanoscale using lithography underpins modern society.
The electronic devices we take for granted contain integrated circuits (IC) and the key compo-
nent of those ICs are field-effect transistors (FETs). They have reduced in size by a factor of
two every 2 years for over 50 years, following Moore’s law. The roadmap for the electronics
industry now assumes that this constant reduction of size will continue—at least until the mid-
2020s.1 However, there is a significant challenge now as the feature size drops to 20 nm and
below. At the end of 2019, extreme ultraviolet lithography (EUVL) was adopted to manufacture
FinFETs (i.e., multigate FETs where the gates wrap around fin-like channels) that are an integral
part of today’s ICs at the 7-nm node and beyond. As future technology nodes will take full
advantage of the EUVL technique, it will become increasingly challenging to transfer the
patterns into the silicon with existing organic resist materials. This is because as the resolution
of the pattern increases, the aggressive conditions of the etch plasma will need to be increased
substantially, leading to a decrease in etch efficiency.2,3 Therefore, inorganic resist materials,
which provide superior etch selectivity, must be explored.

In a previous study, we reported a negative-tone resist that is based on a metal–organic
compound.2 This resist produced line and space patterns of 20-nm half-pitch (HP) resolution,
while demonstrating extraordinary silicon dry etch performance of >100∶1 selectivity.
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Unfortunately, this was produced at the expense of resist sensitivity, where the exposure dose
was 61;000 μC∕cm2 for electron beam lithography (EBL). Although the sensitivity is very low,
it shows great promise from a pattern transfer point of view. Therefore, this resist could provide
an excellent framework to easing the challenges of dry etching in future technology nodes.

From this, we have used our three-dimensional (3D) Monte Carlo simulator to improve the
resist sensitivity without losing the pattern resolution. This gave a critical understanding of the
exposure mechanism, which allowed the exposure efficiency of the resist to be increased.4,5 This
has led us to hypothesize that by incorporating both the diallylammonium at the center of the
molecule [see Fig. 1(a)] and the addition of heavy metal salts on the outside of the molecule [see
Figs. 1(b) and 1(c)] would lead to further gains in sensitivity. It is well known that secondary
electrons (SEs) are essential to lowering the exposure dose for EBL as these electrons are respon-
sible for exposing the resist.6 The results from our model show that the SEs that are produced
from the alkene group from the diallylammonium collide primarily with the Cr atoms (due to it
having a larger scattering cross section than the surrounding atoms) in the resist and cause a
cascade of SEs that are emitted from the Cr atoms. These electrons are produced at a reduced
electron energy than that of the incident electron beam and have a greater probability of inter-
action with the atoms (C, H, O) that make up the pivalate molecules in the outer region of the
resist. The pivalates on the outside of the molecule will be cleaved by the SEs, and this renders
the resist insoluble in the developing solvent and has the effect of reducing the exposure dose
while maintaining resolution.

One of the key parameters when designing a new resist is its density. Increasing the density
reduces the effective mean free path of the electrons. Therefore, the electron will experience
more collisions due to the reduced distance in between the atoms. This increases the probability
of emitting SEs from the atoms with a high density into the immediate exposure area of the resist
film. Clearly, as more SEs are generated, it means an increase in resist sensitivity, but this comes
at the expense of resolution. To overcome this, the resolution can be controlled by the molecular
weight of the resist molecule. The larger the molecular weight, the fewer the positions at which
the electrons can have a scatter interaction with the resist. It is important to recognize that these
resists do not behave like polymers such as poly meth methyl acrylate (PMMA) or ZEP520A.
Our resists have a very large molecular weight (>2000 g∕mol, while a PMMA monomer is
102 g∕mol as the electrons do not see the entire PMMA chain) with a low density, hence the
large hole in the middle. So there is more free space than resist matter for the electrons to scatter
from. The addition of the dopant (mercury-based compounds) increases the density at that local-
ized position. This means that the resist molecule is partially rendered insoluble in the devel-
oping solvent as the electrons expose this area first as less electrons are required to produce the
pattern. Hence, the SEs are confined to the immediate exposure area of the pattern. Thus, pro-
ducing high-resolution patterns. From an ecological point of view, incorporating mercury dichlo-
ride and mercury diiodide products to the resist chemistry sounds like something that would not
be good for the environment. Using these products causes the resist insoluble in all polar solvents
and is only soluble nonpolar solvents, such as tert butyl methyl ether, diethyl ether, and hexanes.
This makes it easy to handle and the resist can be easily be tracked and recovered from the

Fig. 1 The structures of compounds in the crystal: (a) resist 1, (b) resist 2, and (c) resist 3. Cr
green, Ni green with a blue band, F yellow, H atoms omitted for clarity.
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spinner for future use. Also, it should be noted that when bound to the C7NiF8 ring, the quantity
of mercury dichloride and mercury diiodide is very low, where there is a presence of 11% and
21% of the molecule, respectively.

Preliminary EBL studies led us to study a resist using electrons and EUVas the exposuremethod
that is based on a metal-organic compound ½NH2ðCH2─CH═CH2Þ2�½Cr7NiF8ðO2C

tBuÞ16� 1
where seven chromium(III) centers (in green in Fig. 1) and nickel(II) (in green with a blue band
in Fig. 1) form an octagon.7 The exterior of the compound consists entirely of tert-butyl groups, and
this gives the compound a high solubility in solvents suitable for preparing films on silicon sub-
strates. The compound has a density (ρ ¼ 1.212 g cm−3) with a large molecular weight (2192 Da).
The resist forms a closely packed film when it is spun on the silicon substrate. This is a high-
resolution but low-sensitivity resist.

To improve the sensitivity, we functionalized the resist 1 with an iso-nicotinate (O2CC5H4N)
group that can then be bound to mercury dichloride (HgCl2) to give ½NH2ðCH2─CH═CH2Þ2�
½Cr7NiF8ðO2C

tBuÞ15ðO2CC5H4N─HgCl2Þ� [resist 2 in Fig. 1(b)]. The compound has a density
(ρ ¼ 1.7 g cm−3) with a large molecular weight (2484 Da). We hypothesized that the mercury
dichloride would increase the resist sensitivity because it would generate low-energy SEs upon
absorbing the EUV radiation. These SEs will create a chain reaction of cascading electrons that
will expose the resist in the immediate exposure area.

To further increase the resist sensitivity, we hypothesized that substituting the mercury
dichloride in resist 2 for a mercury diiodide would give the resist a stronger atomic absorption
cross-section to EUV radiation due to the presence of iodine within the molecule.8 This
was achieved by functionalizing 1 with an iso-nicotinate (O2CC5H4N) group that can then
be bound to mercury diiodide (HgI2) to give ½NH2ðCH2─CH═CH2Þ2�½Cr7NiF8ðO2C

tBuÞ15
ðO2CC5H4N─HgI2Þ� 3 [Fig. 1(c)]. The compound has a density (ρ ¼ 2.1 g cm−3) with a large
molecular weight (2667 Da).

We used our Excalibur Monte Carlo simulator to understand the lithographic sensitivity
performance of these resists materials. Figure 2 shows 3D scattering trajectory plots, first they
demonstrate that all of the resists confine the primary electrons to the immediate write area
which suggested that high-resolution nanostructures could be obtained for each resist. Second,
they showed that the introduction of the diallylammonium and HgCl2 and HgI2 molecule to
resists 2 and 3 generates more SE than resist 1 in the resist. It was calculated that resist 1 pro-
duced 11,114 SEs while resists 2 and 3 produced 24,451 and 40,010, respectively. Therefore, it is
expected that the dose required to render the resist insoluble should be ∼2.2 and 3.6 times lower
than resist 1. This is important, as these electrons are responsible for exposing the resist, and they
subsequently increase the overall sensitivity while contributing to the proximity effect.

EBL and EUVL exposures were performed on silicon wafers of 20 × 20 mm2. Each resist
(15 mg) was dissolved in tert butyl methyl ether (2 g). Each solution was filtered using a 0.2-μm
polytetrafluoroethylene syringe filter and was spin-coated with a spin rate of 6000 rpm for 30 s,
followed by a 100°C soft bake for 2 min. The resulting thickness was measured to be 30 nm.2

The EBL experiments were performed using a Raith EPBG5200. The exposure clearing dose
of each resist was determined using a one-dimensional matrix of single-pixel-wide lines with HP
22.5 and 15 nm HP and were 5 μm long. The current and step sizes used were 100 pA and 5 nm
for the 100 keV exposures, respectively. The patterns were exposed in sets of 10 lines with one
pass of the beam per line, and the line dose of each set ranged from 2000 to 30;000 μC∕cm2 with
incremental steps of 100 μC∕cm2.

The EUVL experiments were performed using an EUV interference lithography (EUV-IL)
technique at the XIL-II beamline at the Swiss Light Source of the Paul Scherer Institute.9

The provided spatially coherent beam was tuned at an energy of 92 eV (13.5 nm wavelength)
with 4% bandwidth and the measured photon flux was 34 mW∕cm2. Each resist material was
exposed through a photomask that consisted of patterns of lines and spaces with HP of 22
and 16 nm. To determine the optimum exposure dose, the dose was modified by varying the
exposure time that radiation was incident on the resist. The exposure dose ranged from 100 to
2000 mJ∕cm2. Following both lithography methods, each resist was developed in hexane for
10 s to dissolve away the unexposed resist, then blow-dried with nitrogen.

To predict the potential behavior of each resist with EUV radiation. We have used the x-ray
interacts with matter CRXO database10 to calculate the absorption coefficient of each resist.
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It was calculated that resists 1, 2, and 3 had an absorption coefficient of 4.93 × 107 cm−1,
6.18 × 107 cm−1, and 8.03 × 107 cm−1, respectively. From this, it was determined that the sen-
sitivity of resist 3 should be at least 1.6 times more sensitive than resist 1 and resist 2 should be
at least 1.25 times more sensitive to the EUV radiation than resist 1. It should be pointed out that
this only shows how much each resist absorbs the EUV radiation and does not account for the
internal mechanism of producing SE’s cascade which also exposes the resist. Therefore, it would
be expected that the sensitivity difference between each resist should be larger.

The scanning electron microscope (SEM) images seen in Fig. 3 show 22.5 and 15 nm HP
lines in all three resists, patterned using EBL. The patterns are all well-resolved and demonstrate
good line uniformity.

At first glance, it appears that all of the nanopatterns in the SEM images are the same for all
resist materials as expected. The difference is the exposure dose that is required to partially
render each resist insoluble in the developer, which is hexane. The exposure dose that is required
to expose each resist is significantly reduced when functionalizing resist 1 with HgI2 to give 3.
It can be seen that the pattern resolution has not changed because the resist design rules (large
density and large molecular weight to obtain high-resolution nanostructures) that govern the
pattern were met.

It is important to understand the mechanism to how the features are resolved. To do this we
must first determine how far the SEs travel with the resist. We can do this by determining how
they are deposited within the resist and more importantly, what are their associated energies are

Fig. 2 Point spread function of the internal electron scattering interactions inside 30-nm films of:
(a) resist 1, (b) resist 2, and (c) resist 3. The acceleration voltage is 100 KeV. The black lines
represent the primary electrons from the incident beam while the SEs above 500 eV are repre-
sented by the red lines. The SEs that have the associated energies below 500 eV, which were
generated by first-, second-, and third-order collisions, are indicated purple, cyan, and green. The
blue lines are backscattered electrons; 1 million electrons are inserted into a single spot.
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Fig. 3 (a) Scanning electron micrograph of EBL exposures with 22.5-nm HP lines fabricated in
resist 1; (b) Monte Carlo simulation of SEs energy deposited in resist 1 using 100 KeV acceleration
voltage with 109,180 incident electrons per spot; (c) scanning electron micrograph of EBL expo-
sures with 22.5-nm HP lines fabricated in resist 2; (d) Monte Carlo simulation of SEs energy
deposited in resist 2 using 100 KeV acceleration voltage with 50,547 incident electrons per spot;
(e) scanning electron micrograph of EBL exposures with 22.5-nm HP lines fabricated in resist 3;
(f) Monte Carlo simulation of SEs energy deposited in resist 3 using 100 KeV acceleration voltage
with 315,549 incident electrons per spot; (g) scanning electron micrograph of EBL exposures with
15 nm HP lines fabricated in resist 1; (h) Monte Carlo simulation of SEs energy deposited in resist
1 using 100 KeV acceleration voltage with 124,950 incident electrons per spot; (i) scanning elec-
tron micrograph of EBL exposures with 15-nm HP lines fabricated in resist 2; (j) Monte Carlo
simulation of SEs energy deposited in resist 2 using 100 KeV acceleration voltage with 73,070
incident electrons per spot; (k) scanning electron micrograph of EBL exposures with 15 nm HP
lines fabricated in resist 3; (l) Monte Carlo simulation of SEs energy deposited in resist 3 using
100 KeV acceleration voltage with 54,326 incident electrons per spot.
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as they travel through the resist. From this, we can ascertain what the probability of an interaction
with the resist would be. The lower their energy, the more damage in the immediate exposure
area will be. To determine this, we have tracked the SEs generated while retaining their asso-
ciated energy and we created energy deposition plots.

It can be seen from the simulations that patterns with features of 22.5 and 15 nm HP were be
resolved. At first glance, it appears that all the simulations appear to be the same, and that is the
point. The difference is the number of electrons that reflected the dose [shown in Figs. 3(a), 3(c),
3(e), 3(g), 3(i) and 3(k)] was required to fully render each resist insoluble in the developer.

The simulations show that as the width of line gets larger, the energy toward the edge of the
feature reduces significantly. It is clear that the energy of the electrons in the middle of the feature
starts as 100 KeV (which is the incident energy of the PE) and over a distance of 7.5 nm (for the
case of 15 nm HP features, Figs. 3(h), 3(j), and 3(l)] the energy of the SEs essentially is <10 eV.
The distance that the majority of SEs travel is significantly less than 10 nm. It shows that the
stopping power of both HgCl2 and HgI2 dopants in resists 2 and 3 confines the SE to immediate
exposure area.

The SEM images in Fig. 4 show nanopatterns obtained with EUVL with lines and spaces
with 22 and 16 nm HP in all three resists. The patterns are fully resolved in all resists and dem-
onstrate good line uniformity. Like the EBL experiments, all of the patterns appear to be the same
and follow the same reduction of exposure doses that are required to render each of the resists
insoluble to the hexane solvent. It was determined that the doses required to expose resists 1, 2,
and 3 were 534, 228, and 152 mJ∕cm2, respectively, to produce a pattern with an HP of 22 nm,
while to produce a pattern with an HP of 16 nm, the required doses for resists 1, 2, and 3 were
625, 322, and 244 mJ∕cm2, respectively.

The bridging seen in Fig. 4(d) is due to that the exposure latitude of the resist and when
performing the experiment the exposure dose was on the high end of the dose scale.

Figure 5(a) shows the exposure doses required to produce the patterns shown in Figs. 3 and 4.
It is evident that the presence of HgCl2 in 2 and HgI2 in 3 decreases the exposure dose, dem-
onstrating that we have chemical control of the exposure dose. Thus, for the EBL experiment,

Fig. 4 (a) Scanning electron micrograph of patterns of 22 nm HP lines fabricated in resist 1; (b) in
resist 2; and (c) in resist 3. (d) Scanning electron micrograph of developed patterns of 16 nm HP
lines fabricated in resist 1, (e) resist 2, and (f) resist 3.
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it can be seen from Fig. 5(b) that the dose required for 3 decreases by a factor of 3.4 and 2.3 times
when compared with 1 for the 22.5 and 15 nm HP, respectively, and this matches the Monte
Carlo simulations of Fig. 2 for an HP of 22.5 nm. The Monte Carlo simulation was demonstrated
using a single point, and the proximity effect was not accounted for, thus, the dose factor for the
higher pitch is lower. In the EUVL experiment, the dose required for 3 is reduced by a factor of
3.5 and 2.5 times when compared with 1 for the 22 and 16 nm HP, respectively. This sensitivity
increase is greater than what was predicted by the absorption coefficient calculations. This shows
that the generation of SEs contributes to increasing the sensitivity.

The immediate observation is that the addition of HgI2 in resist 3 increases the sensitivity of
the resist by 2.3 or 2.5 times for EBL and EUVL at an HP of 15 and 16 nm respectively, com-
pared with 1. For EBL, resist 3 was determined to be 1.3 times more sensitive than resist 2 for
both pitches shown. The design of the resist was based upon density and differed by a factor of
1.2. This means that the probability of the incident electrons colliding with the HgI2 to produce
SEs is higher than that of HgCl2. Whereas the density difference between resist 1 and 3 is 1.7;
however, the sensitivity difference between resist 1 and 3 is 3.4 and 2.3 for 45 and 30 pitches,
respectively. It must be noted that the molecular weight of resist 1 is 1.2 times smaller than resist
3 and this accounts for the reduction of the sensitivity.

For EUVL, the exposing mechanism is based upon the metals, and in 3 iodine, absorbing the
radiation and emitting SEs into the immediate exposure area. Resist 3 has mercury diiodide
bound to the outside of the molecule and the atomic absorption cross-section associated with
iodine is one of the strongest of all of the elements on the periodic table.

This gives rise to producing SEs which will collide with the Hg atom in the resist and cause a
cascade of SEs that are emitted from the Hg atoms. These electrons will cleave the pivalates on
the outside of the molecule which are close to the HgI2 site. This renders the resist partially
insoluble in the developing solvent and has the effect of reducing the exposure dose while main-
taining resolution. Clearly, resists 1 and 2 do not have any iodine present. The mercury atomic

Fig. 5 (a) Dose-to-clear values for all resist materials using EUVL and EBL. (b) Relative of the
sensitivity of the resists for EUVL and EBL.
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absorption cross-section is 2.1 times lower than that of the iodine.8 Therefore, it is expected that
the resist sensitivity of 2 when compared with 3 should be lower by a factor of 2.

It was determined that the resist sensitivity difference between them is 1.5 and 1.3 for 22 and
16 nm HP, respectively. Resist 1 does not have any Hg or I in the resist and the Cr atomic
absorption cross-section is 2.6 and 5.4 times lower than the atomic absorption cross-section
of mercury and iodine atoms, respectively.8 It was determined that the resist sensitivity is lower
by a factor of 3.5 and 2.5 with respect to 22 and 16 nm HP. The discrepancy may be based on the
feature size of the pattern because the probability of the landing of an EUV photon in the expo-
sure area is lower with increasing resolution; and therefore, it will need more photons to interact
with the resist molecule. Also, other atoms of the resist molecule may dominate and absorb
the photons, which lowers the effect of the iodine. It is clear that the sensitivity discrepancies
observed warrant further investigation.

From the results shown here, it is clear that the exposure sensitivity does not seem to be
dependent upon the exposing medium used as the difference in sensitivity demonstrated with
resist 3 when compared with resist 1 is the same for EBL and EUVL.

2 Conclusions

Three metal-organic negative tone resists have been investigated by EBL and EUVL. We have
demonstrated that the exposure sensitivity of the materials can be increased by 2.3 and 2.5 times
for the EBL and EUVL studies by chemical design, i.e., by introducing components such as
mercury diiodide in 3 while maintaining a high resolution of 15 and 16 nm HP, respectively.
The good correlation between EBL and EUVL is perhaps surprising, given that the energy of the
incident electrons and photons is different. For EUVL the radiation has energy of 92 eVand with
EBL we are exposing at 100 keV. The reason for the correlation is that in each case the energy is
sufficient to excite SEs from the resist material; EBL is in fact more energetic than it needs
be to excite SEs from any element. For EUV, the controlling factor is the EUV cross-section
of the elements present but there is still enough energy to excite SEs (the energy of these elec-
trons is 20 eV and below), which control the exposure sensitivity. This contrast with longer
wavelength photolithography where the exciting radiation is breaking covalent bonds through
excitations.
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