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ABSTRACT

We present a table-top extreme ultraviolet (XUV) beamline for measuring time- and frequency-resolved XUV-excited optical luminescence
(XEOL) with additional femtosecond-resolution XUV transient absorption spectroscopy functionality. XUV pulses are generated via high-
harmonic generation using a near-infrared pulse in a noble gas medium and focused to excite luminescence from a solid sample. The
luminescence is collimated and guided into a streak camera where its spectral components are temporally resolved with picosecond tem-
poral resolution. We time-resolve XUV-excited luminescence and compare the results to luminescence decays excited at longer wavelengths
for three different materials: (i) sodium salicylate, an often used XUV scintillator; (ii) fluorescent labeling molecule 4-carbazole benzoic (CB)
acid; and (iii) a zirconium metal oxo-cluster labeled with CB, which is a photoresist candidate for extreme-ultraviolet lithography. Our results
establish time-resolved XEOL as a new technique to measure transient XUV-driven phenomena in solid-state samples and identify decay
mechanisms of molecules following XUV and soft-x-ray excitation.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0064780

I. INTRODUCTION

Photoinduced elementary molecular processes take place on
ultrashort time scales ranging from attoseconds to nanoseconds.'
High-harmonic generation (HHG) in the extreme ultraviolet (XUV)
from a fundamental infrared laser pulse is an important tool to
study ultrafast processes due to both the attainable ultrashort pulse
durations and the short wavelengths of extreme ultraviolet (XUV)
(120 to 10 nm) and x-ray (<10 nm) pulses that are routinely gen-
erated through HHG, which enable photoionization,” photofrag-
mentation,” and XUV and x-ray absorption spectroscopies.”’ Tran-
sient XUV spectroscopy has been used to study fs oxidation state
changes,® charge transfers,” ' spin crossover,'> and carrier dynam-
ics in homogeneous materials®”'”>'* and across heterogeneous
boundary layers."

An emerging field of science and technology is extreme-
ultraviolet (13.5 nm, EUV) nanolithography for printing
integrated circuits, which is currently scaling up to high-volume
manufacturing.'® The study of XUV-induced dynamics and
XUV-initiated chemical reactions is therefore gaining interest."” "’
Most of the HHG studies mentioned above, however, excited
dynamics at longer wavelengths and then probed the dynamics in
the XUV.

Utilization of table-top HHG-based XUV setups as excitation
sources for studying XUV-driven reactions has been somewhat lim-
ited by the inherently low HHG conversion efficiency and result-
ing poor photon fluxes. Nevertheless, XUV-induced phenomena
have been investigated, including electron-hole dynamics at a con-
ical intersection,”’ few femtosecond electron-hole dynamics in ion-
ized amino acids,” and ultrafast relaxation mechanisms of highly
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excited polycyclic organic molecules.”’ All these experiments have
in common that they measure gas-phase dynamics in small- and
medium-sized molecules, but their application to solid-state mate-
rials is more challenging. X-ray (or XUV) excited optical lumines-
cence (XEOL), a form of photoluminescence (PL),”* % is another
technique that allows studying dynamics following XUV excitation.
XEOL was first applied for determining ppb-level lanthanide con-
centrations in host-crystals”’ and was more recently reported to
reproduce near edge x-ray absorption fine structures (NEXAFSs)
without having to transmit x rays through the material.”"”* Addi-
tional information can be gained by measuring the XEOL in a time-
resolved manner (tr-XEOL), allowing one, e.g., to determine excess
carrier recombination lifetimes.*’

XEOL experiments are readily carried out at suitable syn-
chrotron endstations, such as was recently installed at the MAX
IV synchrotron (Lund, Sweden) as well as the SUPERLUMI beam-
line at DESY (Hamburg, Germany).” Some reported discoveries
made at these endstations include investigations of the PL of sil-
icon nanocrystals embedded in silicon dioxide’ and a thorough
investigation of europium emission spectra in lanthanum trichlo-
ride host-crystals.” So far, relatively few tr-XEOL studies have been
reported using XUV from a table-top HHG source as the excitation
source.””

Here, we present a versatile table-top setup that enables time-
resolved luminescence spectroscopy with excitation wavelengths
ranging from the XUV to IR. Compared to XUV pump-probe tech-
niques that are challenged by the low conversion efficiency of HHG,
the measurement of XEOL decay traces in a streak camera setup
can be easily accomplished with the photon fluxes present in HHG
pulses. Our setup supports a large range of excitation wavelengths,
ranging from near-infrared (NIR) to deep ultraviolet (DUV) to XUV
wavelengths. XEOL and other accompanying fluorescence phenom-
ena can be investigated in this setup in a 70 ps—-500 ys time range
using a frequency-resolved streak camera system, with an ultimate
temporal resolution of less than 1 ps in the shortest time range. An
added pulse tunable from the NIR to DUV provides pump-probe
functionality to allow for more extended material studies in the
form of XUV transient absorption (XTAS) measurements, and the
setup is designed such that the switching between XEOL and XTAS
measurements can be carried out very quickly.

For this paper, we studied and time-resolved the XUV-excited
luminescence of the scintillator sodium salicylate (NaSal), the flu-
orophore 4-carbazole benzoic (CB) acid, and a zirconium metal
oxo-cluster photoresist, which incorporates this fluorophore. This
particular metal oxo-cluster has a core structure, consisting of six
zirconium and four oxygen atoms plus four hydroxides, stabilized
by twelve methacrylate (OMc) ligands [ZrsO4(OH)4(OMc)1, or
ZrOMc].”® ZrOMc is a promising photoresist material for EUV
lithography, and an important feature is its ability to switch solu-
bility at low exposure dose after a photochemical reaction. As this
solubility switching is hard to observe directly, the fluorophore 4-
carbazole benzoic (CB) acid was attached to facilitate post-exposure
spectroscopic measurements.”” Previously, it was reported that the
introduction of CB required doubling the exposure dose for opti-
mal solubility switching, known as dose-to-gel.”” tr-XEOL measure-
ments conducted with this setup provide additional insight into
the reasons why the dose-to-gel increases twofold due to changing
kinetics and energy loss to luminescence.

ARTICLE scitation.orgljournal/rsi

1. EXPERIMENTAL SETUP
A. Beamline overview

Figure 1 shows a schematic overview of the table-top setup.
Pulses with 3.4 mJ pulse energy, 35 fs pulse duration, and a cen-
ter wavelength of 800 nm are generated by a titanium:sapphire laser
system (Solstice ACE, Spectra-Physics) at a repetition rate of 2 kHz.
A beam splitter splits the pulse 63/37, with 2.2 m] going toward
the vacuum system containing the generating medium while 1.2 m]J
pumping an optical parametric amplifier (OPA) system (TOPAS-
Prime, Light Conversion) with an added frequency upconversion
module (NIRUVIS, Light Conversion).

The beamline consists of four vacuum chambers. In front of the
first chamber, the HHG chamber, the IR pulses are focused with a
500 mm focal length spherical mirror into a gas cell with a diameter
of 500 ym and a length of 5 mm, containing a low-pressure (between
20 and 80 mbar) noble gas, initiating the HHG process. The XUV
source emits broadband spectra up to 45 eV using argon (inset,
Fig. 1) and more than 70 eV using neon. For optimizing phase
matching conditions, the gas pressure inside the gas cell can be
adjusted with a mass flow controller (IN-FLOW, Bronckhorst). An
in-line setup for generating an 800 + 400 nm two-color laser field to
drive HHG can be inserted into the beam path. This arrangement
consists of B-barium borate (BBO) for frequency doubling, calcite
plates for group delay compensation between the fundamental and
second harmonics, and a subsequent 1/2 wave-plate for 800 nm to
rotate the polarization of the 800 nm pulses onto the polarization
of the 400 nm pulses. Such two-color fields can improve flux and
divergence'”"' and give rise to the emission of both odd and even
harmonics, which improves spectral coverage for broadband XUV
transient absorption measurements as demonstrated in Sec. I11. The
harmonics are then transmitted through a nickel-meshed 200 nm
thick metallic filter (Luxel), made of either aluminum or zirconium,
to remove the fundamental. A toroidal mirror (TM, 10° grazing inci-
dence angle) reimages the harmonics on the sample. The metallic
filter and toroidal mirror are located in the second vacuum cham-
ber, which itself is mounted onto a 100 mm translation stage. This
provides a method of increasing and decreasing the spot size and
thus the fluence of the XUV pulses at a given sample position by
changing the position of the XUV focus. Knife-edge measurements
of the focal spot size yield a full width at half maximum (FWHM) of
43 + 7 ym for the XUV. This enables dose-dependent studies with-
out the need for changing any parameters in the HHG process (such
as driving intensity and pressure in gas cell), which would also affect
the phase matching conditions and thus alter the spectral composi-
tion of the emitted harmonics. The XUV light is then sent through a
second 100 nm thick aluminum filter (Luxel) to reduce the back-
ground noise and is then spectrally resolved using an aberration-
corrected flat-field XUV grating (1200 I/mm, f = 235 mm, grazing
incidence angle 3°, Hamamatsu) and measured using an XUV sen-
sitized charge-coupled device (CCD) camera (GE 2048512 BI UV1,
Greateyes). The CCD camera itself is mounted on an in-vacuum
rotatable flange, which enables capturing a much larger spectral
range without changing the grating angle from the specified, opti-
mal angle of incidence. At the optimal grazing incidence angle, the
CCD camera captures a range of 23-48 eV in the low energy position
while capturing a range between 48 and 120 eV in the high energy
position. The XUV grating is mounted on a two-axis rotational stage
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FIG. 1. Schematic overview of the beamline. BS: 63 : 37 beam splitter, with 37% going toward the optical parametric amplifier (OPA); Sh: shutter; SM1: spherical mirror with
f = 500 mm; SM2: spherical mirror with f = 250 mm; MF: metallic filter; FM: flat mirror; TM: toroidal mirror with f = 420 mm; FGCr: flat-field XUV grating with f = 235 mm;
PM1: parabolic mirror f = 50 mm; PM2: parabolic mirror f = 100 mm. The focus chamber can be translated over a distance of 100 mm, thus allowing the dose on sample to
be varied if necessary. The XUV CCD can be rotated around its axis completely, giving a spectral range of 23-48 eV in the low energy position and 48 to ~120 eV in the
high energy position. Inset: calculated typical number of photons per 0.1 eV bin per second incident on the sample, using Eq. (1), generated in argon (blue, left y-axis) and

neon (red, right y-axis).

(SmarAct), which provides additional flexibility in alignment and in
which energies are visible in a given stage position.

The OPA/NIR-UV-VIS system generates pulses between 230
and 2500 nm with ~300 yJ per pulse at IR wavelengths to ~10 yJ
per pulse at DUV wavelengths. These pulses are focused on the sam-
ple using a 250 mm spherical mirror to a spot size of 153 + 2 ym
and temporally synchronized with the XUV pulses from HHG using
a linear stage (M-531.DD1, PI) with a long scanning range. The
output of the OPA functions both as a pulse for pump-probe exper-
iments and as an excitation source to study carrier dynamics by
photoluminescence.

Samples are positioned using a four dimensional stage (Smar-
Act), which can be moved with a precision of 10 nm and enables
raster scanning if photobleaching of the fluorescence becomes an
issue, as elaborated in Sec. I'V A.

The light collection beam path to the streak camera (C10910,
Hamamatsu) consists of a 50 mm focal length parabolic mirror
(PM1), capturing up to 6% of emitted light at a near normal angle.
The luminescence is refocused using a 100 mm focal length parabolic
mirror (PM2) onto the slit of a Czerny-Turner scheme-based spec-
trograph (SP-2300i, Princeton Instruments) mounted in front of the
streak system, containing three different gratings optimized for dif-
ferent spectral ranges. The streak camera operates using two elec-
tronic sweep units to cover different time ranges. The slow sweep
unit is synchronized with the amplifier (2 kHz) and is utilized in
measurements in the range of 500 us to 2 ns, while the synchroscan
unit is synchronized with the seed laser output (84 MHz) and is
used for time windows shorter than 2 ns, down to 70 ps. The time-
delayed electrons are thus spatially spread out by the electric field
before they hit a multichannel plate (MCP) coupled to a phosphor

screen. The signal from the phosphor screen is recorded by a com-
plementary metal-oxide-semiconductor (CMOS) camera (ORCA-
FLASH4.0, Hamamatsu). In addition, a removable mirror combined
with a 150 mm focal length lens is included with a spectrometer
(Maya 2000 Pro, Ocean Optics) in the light collection beam path,
as shown in Fig. 1. This enables measuring the emission spectrum
over time and continuous exposure. Due to the low photon fluxes of
HHG, XUV -excited time-resolved luminescence traces of the inves-
tigated samples can have low count levels, which requires careful
optimization of the experimental setup. To optimize data acqui-
sition, a high quantum efficiency (QE) alignment target is used
for optimizing streak measurements, consisting of sodium salicy-
late (NaSal, 99% purity, Sigma-Aldrich) dropcasted from a saturated
methanol solution on a 1.2 x 1.2 mm? quartz substrate. NaSal forms
a coarse white thin film that emits bright blue, broad luminescence at
428 nm (2.9 eV) upon excitation. Electronic trigger drift correction
during long measurement campaigns is implemented by sending
an attenuated fs pulse into the streak camera and post-correcting a
series of measurements on the instrument response function (IRF)
limited signal generated by this pulse.*

B. XUV flux estimate

The XUV pulse energy E,u;. at the sample position was esti-
mated to be ~0.50 nJ/pulse, which is equivalent to a fluence of
~26 yJ/cm® when generating in argon.”’ The estimated flux in neon
is much lower at 20 pJ/pulse due to its higher ionization potential
but also yields a higher cutoff energy. For ease of comparison, the
number of photons is converted to photons/0.1 eV/s in the inset
of Fig. 1. The XUV pulse energy is calculated from a representative

Rev. Sci. Instrum. 92, 113004 (2021); doi: 10.1063/5.0064780
© Author(s) 2021

92, 113004-3


https://scitation.org/journal/rsi

Review of
Scientific Instruments

CCD measurement by using the following equation:

Espec(eV)
Tiot(eV)7grat (€V)7en (V) Pccp (eV)SN'

1

Epulse N

In Eq. (1), a recorded XUV spectrum, normalized to the num-
ber of integrated pulses [Espec(eV)], is divided by the estimated
total transmission [Tiwt(eV)] of a 100 nm aluminum filter with
an estimated 8 nm aluminum oxide layer (4 nm on the front-
and backsides)** as well as the polarization dependent grating effi-
ciency 7,,,,(eV)" and the CCD electron-hole pair creation effi-

ciency [, (eV)]."® The CCD quantum efficiency [®ccp(eV)] and
the acquisition-setting dependent gain factor of the CCD (SN) were
both provided by the supplier.

I1l. XUV TRANSIENT ABSORPTION

The XTAS setup is installed in such a manner that switch-
ing between XTAS and XEOL experiments can be carried out very
quickly. The temporal and spectral resolutions are important in
XTAS experiments, as they allow for, e.g., temporal drift correc-
tions and observing absorption features in high resolution. In order
to determine the temporal and spectral resolutions of XTAS, a sec-
ond gas cell with a length of 5 mm and diameter of 500 ym is
moved in the focus of the pump-probe overlap using a secondary
linear stage. This gas cell is filled with argon up to a pressure of
~10-20 mbar, resulting in significant XUV absorption. Due to the
excitation of argon auto-ionization states, several sharp lines will
appear in the spectrum between 26.5 and 29 eV, where XUV light
is re-emitted.””"* Perturbing the XUV-excited polarization decay of
auto-ionization states with a temporally synchronized IR pulse will
decrease the XUV re-emission of these auto-ionization states.*’

In Fig. 2(a), a spectrogram can be seen depicting the difference
in absorption (AA) observed across the pump-probe delay of the
860 nm probe-pulse and the XUV broadband pump between 26
and 28.5 eV. The auto-ionization states that can be clearly observed
are the 3s%3p® to 3s3p®4p (abbreviated as 4p) and 3s°3p° to 3s3p°5p
(5p) transitions centered at 26.6 and 28.0 eV, respectively. These can
be used for post-correcting long XTAS measurements due to their
characteristic temporal shape and sharpness. We then fit a Gaus-
sian representing the temporal instrument response function convo-
luted with an exponential with decay constants given by the lifetime
of the states (8.2 fs for the 4p and 23.3 fs for the 5p transitions,
respectively”’) to the averaged AA in Fig. 2(b). We find instrument
response times of 58 + 9 and 57 + 8 fs for the 4p and 5p transitions,
respectively. The IRF is limited by the pulse duration coming out of
the OPA, which introduces stretching of the pump-pulse up to 60 fs
as measured through frequency-resolved optical gating.

As the spectral bandwidths of the argon auto-ionization states
have been determined with very high precision,* their observed
bandwidths on the CCD spectrometer I'ey, can be used to deter-
mine the spectral resolution of the XUV spectrometer in this spectral
region.”” The energy resolution I'res of the XUV spectrometer was
determined through the following equation:

Tres = \/ T2 — T2 @)
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FIG. 2. Argon auto-ionization states corresponding to the 3s23p° to 3s3p%4p (4p)
and 3s23p® to 3s3p°5p (5p) transitions are perturbed by a non-collinear IR field
centered at 860 nm, which decreases the re-emission of the XUV light. (a) XUV
absorption change as a function of pump—probe delay. (b) Averaged line-outs of
both resonances across the pump-probe delay, showing FWHM's of the temporal
instrument response function of 58 + 9 and 57 + 8 fs for the 4p and 5p transitions,
respectively.

I'res was determined to be 44.9 + 0.9 meV around 28 eV using
the known FWHM T of the 5p auto-ionization state, 26.2 meV,"’
and the measured FWHM T'exp = 52 meV. Neon has a similar series
of auto-ionizing states starting at 45.6 eV.>" All these auto-ionizing
states were found to have an approximate FWHM of Tex, = 80 meV.
Using the same method described in this section and utilizing
Eq. (2), the energy resolution around these states was determined
to be 78 £ 1 meV. At higher energies, even better resolving pow-
ers are expected, as the grating is optimized for the energy range
60-120 eV.

IV. XUV-EXCITED OPTICAL LUMINESCENCE
A. XEOL behavior of sodium salicylate

NaSal [Fig. 3(a)] was selected as a benchmark for characteriz-
ing the beamline, as it has a high, near constant QE across the XUV
range up to the carbon K-edge at 280 eV, and comparative litera-
ture is available.”’”” As shown in Fig. 3(a), the emission of the NaSal
XEOL over time was found to decrease by about 66% within 15 s at
26 uJ/cm?, delivering a total dose of 720 mJ/cm” during that time.

Rev. Sci. Instrum. 92, 113004 (2021); doi: 10.1063/5.0064780
© Author(s) 2021

92, 113004-4


https://scitation.org/journal/rsi

Review of

Scientific Instruments

ARTICLE scitation.orgljournal/rsi

1 40 i —
5 M 'E - DUV Excited
(] — + .
‘D . o 150 ® [ - XUV Excited
0 08y o | * DUV Excited 30 08" i
“EJ 1 - XUV Excited - s &
= 0.6} 2, 100 06/
° L 8 [} N [
P 04 E T 04
£ F 10 o0 E |
502 S 0.2/
2 L
2 [
0 0 0 [ ) S— N N\\‘T‘"‘““r‘“—
0 100 200 300 24 26 28 3 32 34 0 10 20 30
Time (s) Energy (eV) Time (ns)
c LR . L . S . L . L 40 0.05 F I —— -
o * DUV Excited | | [
g « XUV Excited | | 30 0 r ,’,-7:‘..,, A v
LIE.I ’r\ g %-0.05 I . - |
3 i 1 @20 3 0 10 20 30
2 | E 2 0.05[g = —= 7
« 0. 'i = 4
£ 10 0 a
5
& t ]
; 0 -0.05 1 ——
054 26 28 3 32 34 24 26 28 3 32 34 0 10 20 30
Energy (eV) Energy (eV) Time (ns)

FIG. 3. Comparison of NaSal excited by pulsed DUV and XUV radiation. (a) Sodium salicylate (inset) emission intensity over time under continuous pulsed DUV and XUV
excitation. (b) Emission spectrum upon DUV and XUV excitation. (c) Streak trace of DUV-excited NaSal. (d) Streak trace of XUV-excited NaSal. () Comparison and fit of
time-resolved emissions of DUV and XUV. (f) and (g) Residuals of the DUV and XUV fit in (e), respectively.

This contrasts very strongly with the vacuum emission over time
when excited by 266 nm pulses from the OPA with a single-shot
fluence of 450 uJ/cm?, where the fluence only decreases by about
10% over the course of five minutes, although a much higher dose
was delivered (13.5 J/cm? in 15 s, 270 J/cm? in 5 min). The much
shorter absorption length of XUV compared to DUV is responsi-
ble for this contrasting behavior. The excited state concentration at
the surface is so high that bleaching processes take place in much
shorter time scales. During the XUV photobleaching, we observe
that the emission spectrum does not change, meaning that the emit-
ting state or species is likely not changing either. The emission spec-
trum of XUV and DUV excitation is also nearly the same, as shown
in Fig. 3(b), hinting that sample decomposition rather than reac-
tion with other compounds is the reason for the photobleaching.
Therefore, the NaSal sample was raster scanned by moving to a new
spot 80 um away every 10 s to ensure a relatively constant emission
intensity. Given the size of the sample at 1.44 cm?, this means that
the sample has to be replaced after ~6 h of continuous raster scan-
ning, although NaSal samples were replaced more often than that for
convenience.

Two streak traces were then measured for DUV and for XUV
excitation, respectively, in Figs. 3(c) and 3(d). A 280 nm longpass fil-
ter was used to filter out the excitation pulse. A mono-exponential
fit (R* = 0.998, y* = 0.16) of the time-resolved signal intensity trace
for NaSal excited by 34 mJ/cm? 266 nm pulses [Fig. 3(¢), red curve]
yields 71 = 7.59 + 0.03 ns. The residuals in Fig. 3(f) show no signifi-
cant structure except for before the start of the decay. This is related
to an electronic artifact in the streak camera. Solid sodium salicylate
has reported mono-exponential decay constants between 6.5 and

8.5 ns under DUV excitation depending on sample preparation, and
71 is thus in good agreement with previously reported values.”” >
The time-resolved emission changes significantly when the
same NaSal sample is excited by XUV pulses, as shown in the blue
curve in Fig. 3(e), becoming both faster and bi-exponential in nature.
Fitting the signal intensity trace in Fig. 3(e) with a bi-exponential
decay results in a good fit [Fig. 3(g), R® = 0.992, y* = 0.64], yield-
ing values for 71 and 7, of 0.77(+0.04) and 6.28 + 0.14 ns with
proportionality constants a; = 0.64 and a, = 0.36, respectively. This
apparent change in decay when excited with >15 eV pulsed sources
is attributed to the rapid quenching of excited states by ions and
excited states located on neighboring molecules.”” The values of
71 and 7, are dependent on the incoming photon energy: 7; is
found to be shorter with higher photon energy, while 7, behaves
contrarily.””* No 7, and 7, emission wavelength dependence was
observed, with decay constants being the same within error bars
as when the emission spectrum is integrated around 3.1, 2.9, and
2.6 eV. No significant flux dependence of 7; and 7, was observed in
measurements with XUV fluxes between 5 and 30 yJ/cm?.

B. Characterizing 4-carbazole benzoic acid

4-Carbazole benzoic acid [CB, the structure inset in Fig. 4(b)]
is a fluorophore that can be used to label and monitor decay kinet-
ics in ZrOMc photoresists and aids in characterizing condensation
reactions of ZrOMc. The streak trace of CB excited by 266 nm DUV
pulses is shown in Fig. 4(a). A 280 nm longpass filter was used to pre-
vent artifacts related to the second order of the grating at 2.32 eV.
Similar to NaSal, the emission spectrum of CB does not change
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FIG. 4. Comparison of CB emission spectra excited by pulsed 266 nm DUV and
XUV radiation. (a) Streak trace of CB under 266 nm excitation. (b) Emission spec-
tra of CB under DUV (red curve) and XUV (blue curve) excitation. (c) Streak trace
of CB under XUV excitation. (d) Decay of CB under DUV (red curve) and XUV
(blue curve) excitation.

significantly between XUV and DUV excitation, although some
broadening occurs, as shown in Fig. 4(b). A best fit (R2 =0.9993,
x* = 0.137) of the CB 266 nm excited decay [Fig. 4(d), red curve]
yields a short component of 7; = 1.11 + 0.06 ns and a long compo-
nent of 7, = 4.21 + 0.7 ns with a; = 0.37 and & = 0.63, respectively,
which within error bars do not depend on which emission wave-
length is considered. This bi-exponential behavior is attributed to
quenching due to the overlap between 7-orbitals of neighboring aro-
matic carbazole groups (7-stacking), which causes a deviation from
a mono-exponential luminescence decay.”” ' The decay becomes
faster and remains bi-exponential in the case of XUV excitation, as
shown with the blue curve in Fig. 4(d). Another instrument-related
difference between DUV and XUV excitation can be seen in the
apparent longer rising edge of the decay, which is caused by opening
the entrance slit of the streak camera an extra 20 ym to increase the
number of incoming photons. A best fit (R* = 0.979, x* = 2.2) gives
a short component of 7; = 0.4 + 0.1 ns and a long component of
7, = 3.2 £ 0.2 ns combined with an almost inverse ratio of a1 = 0.66
and a, = 0.34. The value of these constants again does not depend
on the emission wavelength under consideration. This behavior of
faster bi-exponential decay when excited with pulsed XUV radiation
is observed in many solid aromatics and is rationalized to originate
from additional quenching by a high density of excited state dipoles
interacting with each other while partially stabilized by aromatic
chains.”®

C. Luminescence dynamics of a tagged photoresist

Finally, a zirconium metal oxo-cluster labeled with the CB
fluorophore was investigated. As mentioned above, ZrOMc-CB
is formed by exchanging one of the OMc ligands with CB in a
ligand-exchange reaction, which makes the zirconium metal oxo-
cluster luminescent and hence enables characterizing decay kinetics
through luminescence. The chemical structure of ZrOMc as well

ARTICLE scitation.orgljournal/rsi

as the ligand-exchange reaction to form ZrOMc-CB is shown in
Fig. 5(a). The reaction scheme is similar to an earlier published reac-
tion scheme.®” When excited by 266 nm DUV pulses, the streak
trace differs significantly from CB alone, as it is both red shifted and
decays on a longer time scale. Figure 5(b) shows the DUV-excited
streak spectrum with a second order grating artifact at 2.32 eV.

A strong red shift after the first 4 ns is also visible, likely caused
by the emission of free CB, which decays much faster than the coor-
dinated fluorophore. This is supported by the fact that the early
emission spectrum of ZrOMc-CB in the first 2 ns in Fig. 5(d) agrees
well with the emission spectrum of free CB in Fig. 4(b).

The emission excited by pulsed XUV radiation was not very
intense but still measurable, as shown in Fig. 5(d). Despite the lower
signal-to-noise ratio, as shown in the top curves of Fig. 5(d), n
change in the emission spectrum is observed, with both free CB
and the ZrOMc-CB itself contributing to the emission. The bot-
tom two curves in Fig. 5(d) depict the large red shift in time vis-
ible in Fig. 5(b) from 2.9 eV to around 2.65 eV. Fitting the DUV
decay (red curve) in Fig. 5(e) in time yields 7; = 7.08 + 0.27 ns and
72 = 1.69 + 0.28 ns (R* = 0.996, y* = 0.4) with proportionality con-
stants a; = 0.61 and a; = 0.39, respectively. The XUV decay (blue
curve) has a lower signal-to-noise ratio but is still significantly faster
as is the case with NaSal and CB itself. What is also apparent is the
much longer rising edge of the decay in the case of DUV excita-
tion. The longer apparent decay necessitated measuring in a longer
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FIG. 5. Comparison of ZrOMc-CB tr-XEOL. (a) Equilibrium chemical reaction of
ZrOMc and CB forming ZrOMc-CB. (b) Streak trace of ZrOMc-CB under 266 nm
DUV excitation. (c) Streak trace of ZrOMc-CB under XUV excitation. (d) Emission
spectra showing a comparison between DUV (brown) and XUV (blue) emission
spectra and the red shift in time (lower plots, with second order grating artifact at
2.32 eV). (e) First 12 ns of the decay of ZrOMc-CB under DUV (red) and XUV
(blue) excitation.
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time range in the streak camera. This results in a longer IRF, which
was shifted so that both XUV- and DUV-excited decays start at the
same moment in time. Nevertheless, the long component is within
error bars of the long component of the DUV-excited decay, yielding
71 =626+ 144 ns and 7, = 0.77  0.14 ns (R” = 0.94, x* = 2.8) with
again near inverse proportionality constants a; = 0.32 and a; = 0.68,
respectively. One conclusion to be drawn is that the fact that the
XUV-excited emission could be observed at all means that some of
the absorbed energy is re-emitted instead of being utilized in solu-
bility switching, thus providing an additional reason for the twofold
increase in dose requirements.”’ The faster decay does suggest that
the luminescence is quenched more than during DUV excitation,
possibly by the aromatic groups as in the case of CB.

V. CONCLUSION

In conclusion, we have reported on a table-top XUV beam-
line capable of measuring luminescence excited by visible DUV and
XUV sources in a time- and frequency-resolved manner using an
integrated streak camera. By measuring a high QE scintillator, a flu-
orophore, and a photoresist material tagged with the fluorophore,
we also demonstrated its versatility in measuring different types
of luminescent materials. We demonstrated that the poor XUV
photochemical reactivity performance of the ZrOMc-CB compared
to the unsubstituted ZrOMc can be attributed to the fact that
the substituted resist itself converts part of the energy to emitted
photons. The addition of a high temporal resolution IR to DUV
pump/XUV probe allows for XTAS measurements to get a more
complete view of molecular and electronic dynamics on an fs to ns
time scale in relevant samples, and if necessary, XEOL and XTAS
measurements can be run simultaneously. This beamline can be used
to study the dynamics in a wide variety of relevant solid materials,
including novel scintillators, 2D materials, other photoresists, solar
cell materials, and strongly correlated materials. The XUV excita-
tion is reminiscent of the photoactivation and radiation damage that
such materials experience in modern day nanolithography or even in
space, where solar power panels may become more prevalent due to
possibly higher collection efficiencies. We expect that time-resolved
XEOL will become an important tool to study charge carrier and
exciton dynamics in solid-state materials excited by XUV pulses. In
particular, XUV pulses typically have the shortest absorption lengths
of all wavelengths, which leads to a high carrier concentration in
the first few nm near the surface.”” This makes XUV-exited time-
resolved luminescence ideally suited to study XUV-induced surface
recombination mechanisms and kinetics.
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