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ABSTRACT: Extreme ultraviolet (EUV) lithography uses 13.5 nm
light to reach the sub-20 nm resolution. However, the process of
pattern formation induced by this high-energy light is not well-
understood. In this work, we provide an inorganic EUV photoresist
with fluorescence properties by introducing a carbazole derivative
as a ligand, and we study its effect on the patterning process. Using
the fluorescence properties, changes in the emission of the material
after EUV exposure could be tracked by means of spectroscopy and
microscopy. The resist sensitivity was substantially reduced by the
incorporation of the carbazole benzoate ligands, which is attributed
to hole trapping and steric hindrance. After EUV irradiation of the
resist films, infrared, UV−visible absorption, and fluorescence
spectroscopies showed that the carbazole units were still mostly intact, although their fluorescence intensity was lowered. Our work
shows that fluorescent labeling can provide relevant mechanistic insights in the patterning process of resists, potentially with a
molecular resolution.
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■ INTRODUCTION

Photolithography is a process to manufacture micro-/nano-
electronics in which a mask is used to project light with a
desired pattern on a photosensitive layerknown as a
(photo)resistthat coats a silicon wafer. After the exposure,
either the irradiated or nonirradiated parts of the photoresist
can be selectively removed in a solvent called the developer.
This is a consequence of the chemical reactions occurring in
the irradiated part, which lead to different solubility properties
compared to that of the pristine material. The patterned
photoresist acts as a sacrificial template that allows the transfer
of the desired pattern to the silicon wafer underneath during an
etching step. Currently, the fabrication of nanostructures with
features smaller than 30 nm using the state-of-the-art deep
ultraviolet lithography (DUVL) requires immersion lithog-
raphy1 with double or multiple patterning processes to
overcome the inherent diffraction limit associated with the
employed wavelength (193 nm, E = 6.4 eV).2−4 In contrast,
with the newly developed extreme ultraviolet lithography
(EUVL), the desired small features can be printed in one
patterning cycle due to its shorter wavelength (13.5 nm, E = 92
eV). Therefore, although DUVL still dominates in semi-
conductor manufacture, EUVL has been launched into the
market for the next generation of chips with even smaller
features and higher computing performance. Nevertheless, one
of the critical points for EUVL to be established in the market

is that new photoresist materials with optimal performance
need to be developed.
Ideally, EUV photoresists should be able to print the

targeted features using doses of EUV light below 20 mJ/cm2 in
order to make this technique cost-effective. In addition, for the
optimal operation of the fabricated circuits, the tolerance for
variability in the feature dimensions is very low (<15%). In
lithographic terms, materials that have high sensitivity, can
print low critical dimensions (resolution), and yield low line
edge roughness are desired. Such requirements imply that (1)
the very thin films of the resist material (20−30 nm) should
have high linear absorptivity values (ca. 12−18 μm−1) at 13.5
nm and (2) the quantum yields of the processes that render
changes in the material’s solubility should be high. However,
EUV-induced radiation chemistry in photoresists is not yet as
well-understood as the photochemistry triggered by DUV
light,5,6 which hinders the rational design of materials that
fulfill the abovementioned desired properties. This is because
the chemical reactions induced by EUV photons are the

Received: August 25, 2021
Accepted: October 6, 2021

Research Articlewww.acsami.org

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acsami.1c16257

ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

A
M

O
L

F 
on

 O
ct

ob
er

 2
7,

 2
02

1 
at

 1
4:

04
:1

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lianjia+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michiel+F.+Hilbers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olivier+Lugier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neha+Thakur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michaela+Vockenhuber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yasin+Ekinci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+M.+Brouwer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+M.+Brouwer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sonia+Castellanos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c16257&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16257?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16257?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16257?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16257?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c16257?fig=abs1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c16257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


consequence of multiple processes, such as ionization events
and the generation of electron cascades in the photoresist.7

Metal-containing inorganic−organic hybrid molecular mate-
rials, such as metal−oxo clusters (MOCs), are being
considered as potential EUV photoresists.8−11 In their core-/
shell-like molecular structure, the metal−oxo core generally
contributes the most to the EUV absorptivity and to the
etching resistance, while the organic ligand shell determines
the reactivity that renders the solubility switch. In MOCs with
carboxylate ligands, the dynamic behavior of carboxylates in
solution enables us to modify the composition of the ligand
shell via exchange reactions12,13 and therefore potentially to
combine different functionalities in the resulting material.
A relatively unexplored way to investigate the lithographic

process in a photoresist is to use fluorescent labels. For
instance, they can be used to image the transfer of the optical
projection to the material. Fluorescent dyes have been
employed in the research of the polymer-based photoresist
used in microlithography.14−16 However, the blended small
molecules of fluorescent labels can aggregate in the polymer
matrix and induce defects in the patterned photoresist
films.17,18 This limits the use of these labels for photoresist
research, especially as the requirements for nanolithography
become more constraining in terms of resolution and line
width roughness. As an alternative, fluorescent ligand doping in
MOCs can facilitate the dispersion of the fluorescent label and
prevent phase separation as in this case, the ligand is
chemically bonded and is thus part of the discrete entities
that form the molecular material.
Here, we report a methacrylate (Mc) zirconium oxo cluster

Zr6O4(OH)4(OMc)12 (denoted as ZrMc) functionalized with
a fluorescent carboxylate ligand, 4-(9H-carbazol-9-yl)benzoate
(CB). The carbazole unit was incorporated into ZrMc via a
ligand exchange reaction in a ratio of one fluorescent label per
molecule, that is, the resulting material, noted as ZrMc−CB,
features a CB/Mc ratio of 1:11 on average (Scheme 1). This
means that the deposited photoresist film retains a high
concentration of Mc in the organic ligand shell so that the
material’s processability and reactivity can be preserved.
The influence of the fluorescent CB ligand can be expected

on four aspects of the MOC-based EUV photoresist. First,
from an application point of view, the CB ligand incorporated
in the precursor MOC can work as a fluorescent label for the
detection of the residual resist after the development, for the
endpoint of etching,14 or for the fabrication of fluorescent
patterns. Furthermore, fluorescence microscopy could become
a new metrology tool for the characterization of photoresist
patterning since it is a noninvasive technique, as opposed to
scanning electron microscopy (SEM), and can offer molecular
resolution by means of super-resolution fluorescence imaging
techniques.19 In fact, the accurate metrology of the ever-

decreasing printed features is becoming a major challenge, and
the research on optical-based alternative methods to SEM is
currently being pursued.20 Second, extended aromatic
structures have lower electronic band gaps, which provide
higher valence band energies than the precursor MOC.
Therefore, doping with an extended aromatic carboxylate is
expected to lower the ionization potential of the MOCs.21 This
could potentially yield more electrons in the secondary
electron cascade induced by EUV photons, leading to higher
reactivity and sensitivity. On the other hand, this type of ligand
also stabilizes the radical cations generated after the
ionization,21 thus preventing the subsequent decarboxylation
and cross-linking reactions. The latter two reactions have been
demonstrated as the main contributions to the solubility switch
mechanism of ZrMc as an EUV photoresist22 and for similar
materials.23,24 Therefore, doping with CB could also lead to a
third change in the ZrMc properties: the decrease in sensitivity
due to the lower reactivity. The fourth aspect to consider is
that this extended aromatic carboxylate ligand is bulky, which
can increase the average intermolecular distance of ZrMc in
the solid state. A longer packing distance can lead to lower
reactivity because it decreases the probability of intermolecular
cross-linking between Mc ligands. In summary, the introduc-
tion of the fluorescent ligand could affect the reactivity in a
positive or negative way.
In this work, we examined the influence of incorporating a

CB ligand in the ZrMc MOC on its lithographic performance
and used the fluorescence properties provided by this ligand to
investigate the structural changes occurring on the ZrMc−CB
resist after EUV exposure together with complementary
Fourier-transform infrared (FTIR) and UV−visible absorption
spectroscopies. The spectroscopic results indicate that in the
functionalized MOC, the carbazole unit is rather inert, while
the Mc ligands are the main contribution to the EUV-induced
reactivity of the photoresist material. Nevertheless, the
phenylcarbazole unit interferes with the cross-linking mecha-
nism that renders the solubility switch of the material. Our
work explores alternative ways of investigating EUV nano-
patterning processes and provides an understanding of the role
of different organic components/functional groups in the
design of new EUV photoresist materials.

■ EXPERIMENTAL SECTION
Synthesis. Reagents and solvents were purchased from Sigma-

Aldrich and dried with molecular s ieves before use.
Zr6O4(OH)4(OMc)12 was synthesized by the reaction of zirconium-
(IV) propoxide with 4 molar equivalents of methacrylic acid in dry air
instead of inert gas, adapted from the method which has been
reported.25 4-(9H-Carbazol-9-yl)benzoic acid (CBA) was synthesized
as reported previously.26,27 The dynamics of ligand exchange in
solution was evidenced by the 1H and 13C NMR spectra of 1:1 (molar

Scheme 1. Functionalization of ZrMc by Ligand Exchange
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ratio) CBA/ZrMc in CD2Cl2 where peak broadening and changes in
the chemical shift were observed (Figure S1).
Thin-Film Deposition. To a solution (0.9 mL) of CBA (5.1 mg,

17.7 mmol) in chloroform (3.0 mL), ZrMc (9.0 mg, 5.3 mmol) was
added. The resulting reaction mixture was sonicated for 2 min, and
then, 0.1 mL of propylene glycol methyl ether acetate was added. The
solution was sonicated for another 2 min and filtered before spin-
coating. Thin films were spin-coated at a spinning rate of 2100 rpm
for 30 s with an acceleration of 3000 rpm/s onto Si substrates for
patterning tests and for FTIR spectroscopy and on quartz substrates
for UV−visible absorption and fluorescence spectroscopies. The
samples were baked at 90 °C for 30 s after spin-coating to remove the
residual solvents. The reference ZrMc thin film was prepared in the
same way without adding CBA. All the thin films were prepared in
ambient conditions.
EUV Exposure and Characterization. The spin-coated thin

films were irradiated with EUV light at the XIL-II beamline of the
Swiss Light Source in the Paul Scherrer Institute. Samples for dense
line−space patterning were exposed using the EUV interference
lithography tool with periodic line/space patterns of pitches of 44, 60,
80, and 100 nm. Samples were exposed with an open-frame mask of
0.5 × 0.5 mm2 aperture at varied doses from 2 and 4 to 994 mJ/cm2

for contrast curve and fluorescence intensity measurements,
respectively. Samples for fluorescence, infrared, and UV−visible
absorption spectroscopies were exposed with a 1.7 × 1.7 mm2

aperture. The exposure areas were adjacent in a 4 × 4 square matrix
at a single dose of 85, 170, or 425 mJ/cm2 in order to attain a large
exposed area to record the full spectra in the spectrometer (no spatial
resolution). These four doses were chosen as they cover the different
regimes in the contrast curve and therefore track the decrease in the
solubility of the resist in the developer: from the middle of the
contrast curve slope, through a dose at which the whole thickness
turns insoluble, to a dose that overexposes the resist. In the chosen
illumination conditions, the beam power is 14.9 mW/cm2 (around 2
ns pulse period and 30 ps pulse width). After the exposure, the sample
was immersed in chloroform for 30 s without further processing for all
developed samples.
Fluorescence spectra were measured with a HORIBA SPEX

Fluorolog 3 spectrometer. The sample was fixed vertically in the
measurement chamber with the resist film facing the excitation beam
perpendicular and emission detected on the side. The emission
spectra were obtained with the excitation at 345 nm with a bandwidth
of 3 nm, recorded from 360 to 630 nm with a bandwidth of 3 nm and
averaged with three measurements. UV absorption spectra of ZrMc
and ZrMc−CB were obtained with a Shimadzu UV-2600
spectrophotometer. FTIR spectra of thin films were recorded on a
Bruker VERTEX 80v vacuum FTIR spectrometer, and fast-Fourier
transform (FFT) low-pass filtering was applied to the spectra with the
cutoff frequency of 0.04 Hz to remove the interference fringes in the
high-wavenumber range. The thickness of the samples was measured
at the edge of the developed samples or using a scratch made on the
spin-coated thin film on a Bruker atomic force microscope
(Dimension Icon) with the ScanAsyst mode. The top−down SEM
image of the line−space pattern was recorded using a FEI Verios 460
scanning electron microscope with a high voltage of 5.0 kV.
Fluorescence Intensity and Lifetime Measurements. The

fluorescence emission intensity of ZrMc−CB exposed at each applied
dose of EUV was recorded in the middle of each exposed field using a
PicoQuant MicroTime 200 confocal microscope coupled with a
frequency-doubled tunable Ti:sapphire laser (Chameleon Ultra,
Coherent; λexc = 345 nmby frequency doubling the 690 nm
fundamentaland a dichroic filter cutoff at 400 nm). The emission
was selected with a 447/60 band-pass filter and detected with a single-
photon avalanche photodiode (SPCM CD2801 from PerkinElmer).
Simultaneously with the intensity, time-correlated single-photon
counting data were obtained with a TimeHarp 200 photon-counting
unit. The width of the instrument response function (IRF) was ∼0.25
ns. The decay curves were fitted to the convolution of a Gaussian IRF
with the biexponential decay I(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2)
using Igor Pro version 7 (WaveMetrics). The average lifetimes

reported are τav = (A1τ1
2 + A2τ2

2)/(A1τ1 + A2τ2). The fluorescence
intensity at each dose was quantified from the recorded image (field
of view: 80 × 80 μm2 and resolution: 2.5 pixels per μm) using ImageJ
(version 1.52h) software.

Theoretical Calculations. Density functional theory calculations
were performed using the Gaussian 16 package28 with the B3LYP
hybrid density functional and the Def2SVP29,30 basis set.

■ RESULTS AND DISCUSSION
EUV Lithography. To evaluate the lithographic perform-

ance of ZrMc−CB as an EUV photoresist material, the sample
was exposed with an open-frame mask for a dose test known as
the contrast curve. The same test was performed on ZrMc for
comparison. For a contrast curve, multiple spots are exposed to
a different EUV dose, and the thickness remaining after the
development on each spot indicates the degree of the solubility
switch of the resist attained after each dose. In the case of a
negative-tone resist, as the ones studied here, a ratio of the
layer thickness will remain after the development above a
certain dose threshold. This dose threshold is known as the
dose-to-gel, D0, while the dose required to reach the maximum
thickness is noted as D100. The contrast factor γ relates both
parameters and is defined as γ = 1/log10(D100/D0). As shown
in Figure 1, ZrMc−CB is less sensitive to EUV than the

nonfunctionalized MOC ZrMc as it requires a higher dose to
become less soluble in the developer of choice.31 Table 1

summarizes the D0, D100, and γ values of both materials with
the same developer and development process. The curves did
not show a significant improvement or deterioration of the
contrast factor but showed a drop of almost 1 order of
magnitude in the sensitivity for ZrMc−CB. The structural
changes after EUV exposure responsible for this effect were
investigated via spectroscopic techniques and are detailed in
the next section. The top−down SEM image of the line−space

Figure 1. Contrast curves of ZrMc (original thickness: 26.7 nm) and
ZrMc−CB (original thickness: 29.1 nm), developed in chloroform for
30 s, without the baking treatment.

Table 1. Comparison of the Sensitivity and Contrast Factor
between ZrMc and ZrMc−CBa

MOC D0 (mJ/cm2) D100 (mJ/cm2) γ

ZrMc 2.5 ± 0.3 16.8 ± 1.7 1.2 ± 0.1
ZrMc-CB 22.6 ± 0.8 195.7 ± 7.2 1.1 ± 0.1

aStandard deviations were calculated from the error propagation of
the slope and intercept of the fitted line between D0 and D100.
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pattern of ZrMc−CB (Figure S2) also shows the negative
effect of the carbazole unit on the sensitivity of the photoresist:
for resolving 50 nm half-pitch patterns, a higher dose (90 mJ/
cm2) was required than that for the ZrMc material (57 mJ/
cm2).22

Fluorescence Labeling. The incorporation of the CB
ligand in ZrMc provided ZrMc−CB with fluorescence
emission, as intended. The fluorescence spectra of the
ZrMc−CB thin film display an emission band around 430
nm upon UV excitation, while the precursor material ZrMc is
not fluorescent. We selected three doses to track the changes in
the spectral shape after EUV exposure. As shown in Figure 2,

the emission spectra of exposed samples at doses up to 170
mJ/cm2 show only the slight broadening of the emission band.
At the highest dose of 425 mJ/cm2, the emission peak red-
shifts 6 nm. We conclude that no decarboxylation reaction
occurs on the CB ligand as this would yield phenylcarbazole
embedded in the film, and its fluorescence should lead to the
appearance of a new emission band at ca. 378 nm.32 In general,
any bond dissociation that would interrupt the extended
aromatic system of the CB ligand would lead to a blue shift of
the emission.
The changes in the fluorescence emission intensity of

ZrMc−CB as a function of the EUV dose were measured with
a fluorescence microscope. In the as-exposed sample (no
development step applied), fluorescence is reduced with the
dose of EUV exposure but still detectable even at the highest
applied dose of 994 mJ/cm2 (Figure 3a). In this sample, the
rates of the fluorescence intensity decrease with the dose are
different at low- and high-dose regimes, separated at D100. In
contrast, in the developed sample, the curve of the fluorescence
intensity displays three regimes (Figure 3b). In the first regime,
the emission intensity first remains at the background level
below D0; the second regime starts where the intensity
increases with the exposure dose up to D100; and above this
value, the third regime takes place, in which the sample is
overexposed and the emission intensity steadily decreases.
Such behavior in the first two regimes is correlated to the
remaining thickness of the photoresist after the development at
each dose. As shown in the contrast curve (Figure 1), in the
exposed areas that received EUV doses below the solubility
switch threshold (D0), no fluorescent material remains on the
substrate after immersing the sample into the developer as the
material is still soluble in that solvent. The emission intensity
increases with the dose between D0 and D100, in line with the
increasing amount of material remaining in that area on the
substrate. In fact, when the fluorescence intensity is normalized
to the thickness left at the measured spot, a constant value is

obtained for this D0−D100 range (Figure 3c). The third regime
displays a decreasing trend in both absolute and normalized
scales, in line with the decrease in intensity observed in the
undeveloped sample for this dose range.
Therefore, EUV exposure leads to a decrease in the

fluorescence emission of ZrMc−CB compared to that of the
unexposed film. Nevertheless, two different dose ranges were
detected; below D100, the insoluble product that keeps forming
with the increasing dose emits with a higher intensity than the
product that results from overexposure above D100. The origin
of the reduced fluorescence can be bleaching or quenching
because of the cleavage or modification of the CB ligand and/
or the modification of its surroundings upon EUV irradiation
so that fluorescence quenching is favored in the environment
generated after the exposure.
With fluorescence microscopy, we obtain the fluorescence

intensity of each exposed pad as well as the corresponding
fluorescence time profiles, thus allowing us to see the evolution
of the fluorescence lifetime after EUV exposure before and
after the development step (see Figure S5 in the Supporting
Information). In the low-dose range up to D100, the average
fluorescence lifetime increases from ∼2.4 to 3.2 ns and then
stabilizes at this last value. The values are essentially the same
for the developed patches and those that were exposed only.
We tentatively attribute the increasing lifetime to the
rigidification of the matrix resulting from the cross-linking
reactions of the Mc ligands, thus enhancing the lifetime of the
carbazole residues that we detect. When the film is fully cross-
linked (>D100), no further changes in lifetimes are observed.
However, we still observe a gradual decrease in intensity

upon exposure, without changes in the shapes of absorption
and emission spectra, which implies that the carbazole

Figure 2. Normalized fluorescence spectra of pristine and EUV-
exposed ZrMc−CB films on quartz (λexc = 345 nm).

Figure 3. (a) Fluorescence intensity of the ZrMc−CB film exposed to
the given EUV dose before development. (b) Fluorescence intensity
of the ZrMc−CB film after development. (c) Fluorescence intensity
normalized to the thickness of the developed sample.
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chromophores are not undergoing structural changes.
Apparently, a minor fraction of the chromophores is strongly
quenched, with lifetimes below the detection limit of our setup.
To explain this, we postulate that quenching sites are created
near some of the fluorophores, for example, via decarbox-
ylation reactions that modify the inorganic core. Further
spectroscopic investigations with FTIR and UV−visible
absorption spectroscopies were performed to identify the
potential paths that would explain the observed behavior in
fluorescence microscopy.
Fourier-Transform Infrared Spectra. The FTIR absorp-

tion spectra of ZrMc−CB films exposed to different EUV
doses are shown in Figure 4a, with the spectrum of an
unexposed ZrMc−CB film as the reference. Because of the low

concentration of the carbazole benzoate ligand in the MOC
film, the spectrum of ZrMc−CB shows features mainly from
the Mc ligands.22,24,33 The bands at 2800−3010 cm−1 are
ascribed to the C−H stretching of the methyl group, and the
absorption at 2960 cm−1 shows a significant increase at the
dose of 425 mJ/cm2. The bands in the range of 1350−1450
cm−1 are assigned to COO symmetric stretching overlapping
with the C−H bending of −CH3, and bands at 1556−1600
cm−1 originate from COO asymmetric stretching. The bands
centered at 1640 cm−1 and 1240 cm−1 are due to the CC
stretching mode and C−CC rocking mode in the Mc,
respectively. The relative absorption intensity of these four
regions decreases with the EUV irradiation, while the
absorption band from the CC stretching mode bleaches

Figure 4. (a) IR absorption spectra of an unexposed ZrMc−CB film and films exposed to 85, 170, and 425 mJ/cm2 of EUV light without
development. (b) Change in the relative absorption of C−H, COO, and CC stretching modes.

Figure 5. (a) UV absorption spectra of CBA in diluted pentane solution (rescaled ×0.3 for clarity) and ZrMc and ZrMc−CB spin-coated thin films
on quartz substrates. (b) Frontier orbitals (HOMO and LUMO) of ZrMc−CB calculated at the B3LYP level of theory using the Def2SVP basis set.
(c) UV absorption spectra of unexposed and EUV-exposed area in the ZrMc−CB film. Inset: Absorption spectral changes of ZrMc−CB after EUV
exposure of different doses normalized to the absorbance of the unexposed sample.
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faster than that of COO (Figure 4b). On the other hand, the
band centered in 750 cm−1 is assigned to the C−H bending
mode in the extended aromatic structure in the carbazole
benzoate ligand.34 This absorption band shows no remarkable
change after exposure to EUV light. These trends indicate that
ligand cleavage and cross-linking reactions happen in the Mc
ligands upon EUV irradiation in analogy to the behavior
observed for the ZrMc precursor.22

Unfortunately, the characteristic bands arising from the
aromatic ring stretching modes of the CBA unit (in the 1400−
1600 cm−1 range) cannot be detected in the resist thin film
(Figure S6 in the Supporting Information) as this ligand is in a
11:1 ratio to Mc. However, chemical changes in the CBA unit
can be tracked by looking at its fingerprints in the UV−vis
absorption and emission spectra (see below).
UV−Visible Absorption Spectra. The UV−visible

absorption spectra of CBA solution in pentane and ZrMc
and ZrMc−CB thin films are shown in Figure 5a. The
spectrum of the ZrMc−CB thin film displays a small baseline
drift due to light scattering and a slight red shift with respect to
that of CBA in solution. In contrast, the UV absorption
spectrum of the drop-casted CBA film shows relatively lower
intensity for the bands at 291 and 337 nm and a larger red shift
compared to that of ZrMc−CB (Figure S7 in the Supporting
Information). These differences are attributed to the π−π
stacking of the CB units in the solid state, a very common
phenomenon in extended aromatic structures and in particular
for carbazole derivatives.35−37 In the UV absorption spectrum

of the ZrMc−CB thin film, the absorption band around 200
nm is assigned to the π → π* electronic transition of the Mc
ligand. The absorption bands around 230−250, 290, and 330
nm originate from the carbazole unit.38 The fact that the bands
assigned to the CB present almost no shift in ZrMc−CB
compared to that of CBA in solution indicates that there is no
strong electronic interaction between the π-system and the
metal−oxo core. This is in agreement with quantum chemistry
calculations, which reveal that the introduction of CBA in a Zr
MOC brings the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) localized
on the CB ligand (Figure 5b). Therefore, the lowest-energy
electronic transitions in the ZrMc−CB molecule involve
mainly the CB unit and are thus promoted at the same
wavelengths as in the free CBA ligand.
The inspection of the molecular orbitals can also give

relevant hints for the understanding of the mechanisms
triggered by radiation. Since EUV photons induce the
photoionization of the material, the location of the HOMO
indicates where the electron vacancy will be most likely located
after the rapid electronic relaxation processes that follow
ionization. This information can then help us understand the
chemical reactions that the resulting radical cation can undergo
(see the subsection below).
After the exposure to EUV light with three different doses,

the bleaching of absorption bands was detected (Figure 5c).
The absorption band at 200 nm of ZrMc−CB, assigned to the
π−π* electronic transitions located in the Mc ligand, decreased

Scheme 2. (a,b) Hole-Initiated Reactions of the ZrMc−CB Radical Cation Induced by EUV Photons and (c) Intra- or
Intermolecular Electron Transfer Competing with (d) TheDecarboxylation of Mc and the Formation of Free Radicals
Initiating Cross-Linking
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in line with the bleaching of CC stretching bands in the
FTIR spectra. The carbazole absorption in the 275−370 nm
range is only slightly bleached (Figure 5c inset).
Mechanism for the Sensitivity and Fluorescence

Intensity Change with CB Ligands. Different from the
deep UV exposure, where the absorption and photoexcitation
are limited to certain components in resist materials, EUV is
mainly absorbed by the atoms with the higher photon
absorption cross-sections at 92 eV. In the case of the Zr-
based MOC, this is likely to occur at the oxygen atoms.
Photoionization of ZrMc, in particular, can lead to the
formation of allyl radicals, as previously proposed in the
literature.22,39 However, for ZrMc−CB, the situation can be
more complex. The O atoms of the Mc ligands participate in
different molecular orbitals (HOMO-X and below) from that
of the O atoms of the CB ligand (from HOMO to HOMO-Y).
This means that two different radical cations can be
considered, as shown in routes (a) and (b) in Scheme 2.
Nevertheless, it is plausible that when a hole is generated in the
O of an Mc ligand, the molecule relaxes by the electron decay
from the HOMO to the hole at the deeper molecular orbital,
thus yielding the radical cation on the CB ligand. It should be
mentioned that ionization can also be induced by the
generated photoelectrons and secondary electrons when their
kinetic energy is higher than the ionization potential of the
molecules. In this case, the probability of the ionization on
either ligand is not straightforward to predict.
The cross-linking between clusters through Mc ligands is

initiated by free radicals.22,39 Therefore, while Mc ligands can
yield free allyl radicals, the radical cation on the carbazole
ligands is stabilized and less likely to dissociate. In addition to
that, as CB is an electron donor, electron transfer from neutral
CB to Mc radical cations can also prevent the formation of allyl
radicals. Therefore, as hypothesized in the Introduction
section, the reactivity of precursor ZrMc is reduced with the
incorporation of the carbazole unit to the cluster because of its
hole stabilizing property as it decreases the yield of free radicals
in the materials upon EUV irradiation.40 This explains the low
reactivity and sensitivity of ZrMc−CB in contrast to that of
ZrMc.
Overall, the spectral changes in the fluorescence, FTIR, and

UV absorption spectra of the ZrMc−CB films that were
exposed to EUV photons up to 170 mJ/cm2 are in agreement
with the promotion of cross-linking and decarboxylation
reactions of Mc ligands with EUV exposures previously
proposed for the ZrMc material. These reactions still seem
to play a crucial role for the solubility switch in ZrMc−CB,
while the carbazole benzoate ligand is rather stable at these
doses. At higher doses, 425 mJ/cm2 for example, the UV
absorption band is only bleached by 6% at 341 nm, while the
fluorescence emission intensity is about 64% less than that of
the unexposed sample. This reveals that the decrease in the
fluorescence is not only caused by a lower photon absorption
of the excitation light (λ = 345 nm) but also by other
quenching mechanisms. It could be argued that some carbazole
derivative with a lower fluorescence quantum yield than that of
the intact ligand might be formed after EUV exposure. For
instance, carbazole radical cations tend to be reactive in
positions 3 and 6.41 If water molecules are present in the film,
OH groups could be inserted in position 3 or 6 after the
ionization of ZrMc−CB, which might affect the fluorescence of
the CB unit. However, this kind of modification in the
carbazole would also lead to spectral shifts in both the

absorption and emission spectra. The subtle spectral changes
in the bands associated to CB in UV absorption fluorescence
spectra do not support this explanation. Alternatively, the
fluorescence quenching could be due to the opening of
competing relaxation pathways in the areas that have been
chemically modified by EUV light. We hypothesize that
decarboxylation reactions occurring in the Mc ligands change
the electron affinity of the Zr-based inorganic core. It is
plausible that after the partial loss of Mc ligands because of
EUV irradiation, the inorganic core acts as an electron acceptor
so that the excited states of the carbazole unit relax via electron
transfer, a path that competes with the emissive relaxation.
This might explain the progressive decrease in the fluorescence
intensity versus dose in Figure 3. At low doses, certain
decarboxylation and cross-linking reactions occur. Once the
terminal double bonds are depleted (above D100), further
decarboxylation events and subsequent processes keep favoring
fluorescence quenching.

■ CONCLUSIONS
In this work, we have demonstrated a straightforward method
to functionalize MOCs with a fluorescent label (carbazole
benzoate) via a ligand exchange reaction. The processability
and lithographic contrast of the precursor material are
preserved. Nevertheless, the functionalized MOC showed a
drop in the sensitivity, which we attribute to the hindering of
polymerization reactions, either because the hole is trapped on
CB or because the intermolecular packing distance is
increased. Fluorescence spectroscopy allowed us to further
investigate how the fluorescent label can provide mechanistic
information. The carbazole benzoate ligand does not show
significant structural changes after EUV exposure. However, its
fluorescence is quenched, which we attribute to the changes in
the surrounding matrix induced by EUV light. We propose that
electron transfer from the excited phenylcarbazole unit to the
inorganic cluster is enabled in the exposed areas and therefore
competes with the fluorescence emission. From these results,
we predict that extended aromatic structures can be utilized in
the design of new EUV photoresist materials for tuning the
reaction kinetics. Furthermore, we envision that to carry out
fluorescent labeling without the deterioration of the resist
sensitivity, the ligand exchange can be applied during or after
the development for the surface modification of the preexisting
nanopatterns.
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