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ABSTRACT: We demonstrate visible pump soft X-ray probe NEXAFS spectroscopy measurements at the carbon K edge on thin
molecular films in the laboratory. This opens new opportunities through the use of laboratory equipment for chemical speciation.
We investigate the metal free porphyrin derivative tetra(tert-butyl)porphyrazine (TAP) as an ideal model system to elucidate elec-
tronic properties of tetrapyrroles like chlorophyll or heme. In contrast to measurements in gas or liquid state, the investigation of
thin films is of high interest in the field of optoelectronic and photovoltaic devices though challenging due to the low damage
thresholds of the samples upon excitation. With a careful pre-characterization using optical techniques, successful measurements
were performed using a NEXAFS spectrometer based on a laser-produced plasma source and reflection zone plates with a resolving
power of 1000 and a time resolution of 0.5 ns. In combination with DFT calculations first insights into a long-lived excitonic state

are gained and discussed.

With transient near edge X-ray absorption fine structure spec-
troscopy (tr-NEXAFS) element specific information of the
chemical nature and electronic structure of a sample is
gained.”® Using UV/VIS pump and soft X-ray probe pulse
energies, excited state dynamics of organic molecules at the
K-edges of their main constituents (C, N, O) can be investigat-
ed. In tr-NEXAFS a valence excitation of a molecule is in-
duced using visible or ultraviolet light. Whilst excited the soft
X-ray probe pulse promotes an inner shell electron into an
empty valence orbital.*® Due to the excitation optically dark
states or previously fully occupied orbitals can be investigat-
ed.*®” By varying the time delay between pump and probe
pulse the dynamics of the chemical configuration of the mole-
cule is accessible.*>® Depending on the light induced photo-
physical processes different time domains are of interest rang-
ing from femtoseconds to milliseconds. These domains can
nowadays be reached with both laboratory based and large
scale facility X-ray sources. >* Commonly, tr-NEXAFS exper-
iments are performed at synchrotron radiation facilities where
X-ray pulse duration and therefore time resolution of typically
20 ps to 100 ps is available.? By adjusting the monochromator,
the X-ray energy hitting the sample is scanned in small steps.
The absorption is determined by means of secondary deexcita-
tion effects i.e. the total electron or fluorescence yield of the
sample. The external pump laser must be timed to the X-ray

pulse. If a high harmonic generation or laser-produced plasma
source is used, the same laser is used for the pump and probe
pulse, making the experiment jitter-free. The significantly
smaller photon numbers of these laboratory sources make
measurements in transmission mode necessary. Although this
is the more direct way to obtain the absorption, it makes sam-
ple preparation more challenging. The polychromatic radiation
transmits through the sample and needs to be dispersed by a
dispersive element. This makes single shot experiments possi-
ble and facilitates the detection of radiation damage.’

Until now soft X-ray tr-NEXAFS investigations on molecules
were mainly concentrated on gas phase experiments*>® or on
liquid jets'™™* or cells."* However, in many cases (e.g. in func-
tionalized materials for optoelectronic and photovoltaic devic-
es) organic molecules are directly bound to a substrate or
organized in thin layers. Tr-NEXAFS investigations on thin,
solid layers of organic molecules are very challenging due to
degradation processes after heat dissipation caused by the
pump pulse. This process can be minimized if the average
power of the pump pulse is reduced. However, the detectable
absorption change AA in tr-NEXAFS experiment directly
depends on the intensity of the pump pulse. Therefore the
interplay between heat transfer in the sample by the pump
pulse and detection sensitivity for AA must be optimized.



In this contribution we will demonstrate the feasibility of sub-
nanosecond tr-NEXAFS spectroscopy on a thin film of tet-
ra(tert-butyl)porphyrazine (TAP) as a typical molecule belong-
ing to the class of tetrapyrroles. Tetrapyrroles exhibit a great
application potential in optoelectronics and photovoltaics as
well as pigments in natural or artificial photosynthesis.
Porphyrazines are a very versatile group of molecules because
their electronic structure can be altered through modifications
of the ligand or central atom."*** The wide range of biological
and technological applications demands a complete descrip-
tion of the electronic properties of this class of molecules. For
example the extension of the m-electron system can be easily
changed with a systematic increase of benzo units through
linear benzo annelation.* The tert-butyl substitution induces
only a very small change in the electronic structure at the
valence region as the light absorption takes place in the delo-
calized m-electron system due to the conjugated carbon bonds
situated in the central CgNg structure. TAP films show two
distinct luminescence peaks with maxima at 695 nm and 628
nm after excitation of the first excited state indicating two
different luminescent decay processes which is unusual for
these kinds of systems." This second decay channel might
originate from long-lived excitonic trap states because of its
small quantum efficiency and absence in solution." As this
state could be exploited in light-harvesting processes due to its
long life-time it is an interesting sample for proof-of-principle
tr-NEXAFS measurements.

Our newly developed soft X-ray tr-NEXAFS spectrometer is
based on a laser-produced plasma source and operates with
photon energies for the probe pulse up to 1303 eV (Mg K-
edge) with a resolving power of over 1000 and a time resolu-
tion of 0.5 ns.>***" The optimal parameters for the pump light
were determined by means of non-linear absorption (NLA)
measurements. Transient NEXAFS spectra at the C K-edge
after 515 nm excitation at different delay times will be shown
and interpreted. The ground state NEXAFS is compared to
Density Functional Theory calculations (DFT) in order to
assign the characteristic NEXAFS features.

EXPERIMENTAL SECTION

The measurements were performed using a laboratory laser-
produced plasma source and a reflection zone plate pair spec-
trometer, described in.’® A scheme of the setup is depicted in
Fig. 1.
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Figure 1. Schematic view of the setup. The same laser is used
for the pump and the probe beam. The sample and reference
spectrum is collected simultaneously with each shot of the
laser.

A 150 mJ, 1030 nm, 0.5 ns pulse is focused onto a rotating
metal cylinder with a repetition rate of 100 Hz and forms a hot
dense plasma with a size of 50 pm full width at half maxi-
mum. The plasma emits polychromatic and isotropic radiation
in the range of 80 eV —1600 eV. The sample is measured in
transmission mode and the reference spectrum is collected
simultaneously using a pair of reflection zone plate optics. In
front of each zone plate a 200 nm thick titanium foil blocks
residual laser light, the visible part of the emission spectrum
and in second order diffracted light. Additionally a 100 nm
thick aluminum foil is situated right in front of the sample to
protect it from debris of the source. The dispersed light is
collected using a CCD detector (Greateyes GmbH, GE 2048
2048 BI). The source has an online stability correction system
and is capable of measuring transient changes AA in the order
of 10™. The resolving power of the spectrometer at the carbon
K-edge is about 1000. The whole spectrometer is operated
under high vacuum conditions (107 mbar). For the optical
excitation of the sample a small a part of the plasma producing
laser light is separated using a variable beamsplitter. The 1030
nm laser light is frequency-doubled to 515 nm using a BBO
crystal to excite the sample resonantly in the first excited state
(Qx-band). Optionally a second BBO crystal can be inserted to
generate the third harmonic (343 nm). A dye laser can be used
with an accessible wavelength range between 400 nm and
1000 nm. The pump-probe delay is varied continuously by
spatial separation of two probe beam mirror pairs to a maxi-
mum of 43 ns.

The non-linear absorption (NLA) measurement was performed
using the pump laser at 515 nm and a J-10-MB-LE laser ener-
gy sensor from Coherent. The photon flux density was adjust-
ed by changing the output pulse energy of the laser. The spot
size on the sample (1.4 + 0.1 mm) was determined by a knife
edge scan.

The tr-NEXAFS spectra were taken at the C K-edge. To verify
the validity of the transient changes a negative time delay of 3
ns between pump and probe pulse was chosen for the first and
last measurement. While these spectra act as reference for the
ground state, also long-term heating processes and scattered
pump light can be evaluated. Six different time delays were
probed starting at full overlap at 0 ns up to 43 ns. At each time
delay a total of 20.000 single shot NEXAFS images were
taken with 0.4 Hz due to the limited readout speed of the
CCD. The measurement time for each time delay was between
13-26 hours leading to a total data collection time of 4 days
and 21 hours. Possible long-term instabilities of the laser or
detector are suppressed by collecting the ground state and
excited state NEXAFS images in an alternating mode. The
absorption is obtained by taking the natural logarithm of the
reference spectra divided by the sample spectra and the differ-
ence spectrum is obtained by subtracting the excited state
spectrum from the ground state spectrum. A more detailed
description is given in.™®

TAP powder was purchased from Sigma Aldrich and used
without further purification. 35 mg of TAP were placed in a
crucible and heated using an effusion cell to 210 °C inside a



vacuum chamber at 10® mbar and evaporated consecutively
onto three standard 10 mm x 10 mm silicon frames with a 2
mm x 2 mm x 150 nm SisN, window (Norcada Inc.). About
99.99 % of material is wasted in the process. Multiple samples
were needed because of occasional damage that is caused by
debris particles ejected from the plasma source. A total of ten
samples were produced and measured during the campaign.
Using tabulated data for X-ray mass absorption coefficients
and the measured C K absorption edge jump the sample thick-
nesses were estimated to be 200 nm for the first two samples
and 100 nm for the other eight samples. UV/VIS spectra were
taken to confirm that the molecules are not impaired during
the evaporation process. TAP films are known to lack any
surface effects.”

RESULTS AND DISCUSSION

In order to find the best laser parameters for the excitation of
the sample UV/VIS and NLA measurements were performed.
Fig 2. (left) shows the visible absorbance of one of the sam-
ples. The HOMO-LUMO transition with its two Q-bands can
be seen. The photon energy used for the NLA and tr-NEXAFS
measurement is shown as a vertical line. Fig 2. (right) shows
an NLA measurement on the same sample. In an NLA meas-
urement the transmission of a sample is measured in depend-
ence on photon flux density. At high intensities the linearity of
the Lambert-Beer law between incident intensity and absorbed
intensity breaks down due to changes in the occupation of the
participating states. This means, in the nonlinear regime, a
significant portion of the molecules is in the excited state and
consequently changes in the tr-NEXAFS can be expected. At
photon flux densities below 2.5*10%* photons/(cm2*s), the
transmission shows no dependence on photon flux density and
matches the transmission obtained by the low signal UV/VIS
measurement. The transmission then increases from 72.5 % to
75.5 % before the samples get thermally damaged at around
1.1*10% photons/(cm2*s). The indicated error bars result from
fluctuations of the laser pulse energy and uncertainties of the
measuring instruments. NLA measurements were also per-
formed using a resonant excitation of the Qy-band at 620 nm.
The dye laser (Rhodamine B) was deployed and pumped with
the 515 nm light. The relative change in transmission at high
photon flux densities were the same so that 515 nm was cho-
sen for the tr-NEXAFS pump energy because its generation
does not require the additional dye laser. For all tr-NEXAFS
measurements a photon flux density of 5*10* photons/(cm?*s)
(=1 mJ/cm?) was chosen.
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Figure 2. Left: Visible absorption spectrum of the first excited
state of TAP. The vertical line highlights the excitation energy
of the NLA and tr-NEXAFS measurement. Right: NLA meas-

urement of a TAP film. The straight lines emphasize the linear
and the non-linear part of the curve. The dashed line shows the
photon flux density at which sample degradation takes place.

The C K-edge NEXAFS spectrum was calculated for each
carbon atom individually using the gradient-corrected DFT
Program StoBe,'® with the exchange functional by Becke'® and
the correlation functional by Perdew.”

The TAP geometry was firstly optimized using the hybrid
exchange-correlation functional B3LYP as implemented in the
Gaussian 09 package with 6-31G** basis set.* The excited 1s
state was represented as a half core-hole according to the
transition potential method.”” The energy positions of the
single-atom NEXAFS curves were corrected according to the
corresponding computed IP (AKS-SCF correction). The spec-
tral intensities were generated from the computed dipole tran-
sition probabilities and the results were then convoluted by
Gaussian curves. For each C separately, a Gaussian broaden-
ing with a fixed full width at half-maximum (FWHM) was
used in the low energy part of the spectrum (0.5 eV), while,
starting from the IP, the FWHM was linearly increased from
the initial value of 0.5 eV up to 5 eV in order to better repro-
duce the experimental continuum region. The total calculated
NEXAFS spectrum for TAP molecule was obtained by sum-
ming up all the single-atom 1s theoretical spectra. Moreover,
the calculations yield spectra for different classes of carbon
atoms within the structure, see Fig. 3.
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Figure 3. Left: Calculated C K-edge NEXAFS for the whole
TAP molecule and isolated contributions from the different
groups of atoms. Right: TAP structure with carbon atoms
represented in different colors depending on the assigned
group. All species different from carbon are represented in
grey color.

Table. 1. Description of the different carbon groups.

Group Description

1 red Chboundto N

2 blue C bound to three C within ring (sp2)

3 green CH bound to two C within ring (sp2)

4 yellow CH3 from butyl group (sp2)

5 purple C bound to three C from butyl groups (sp3)




From Fig. 3 it can be seen that peak A consist of contributions
from groups 2 and 3, i.e. carbon atoms bound to two or three
carbon atoms within the ring. All these carbon atoms have a
common feature, they have one double bond and sp2 hybridi-
zation. Peak B has also contributions from the same carbons as
peak A but it also has an important contribution from carbon
atoms that are bound to nitrogen atoms (group 1). Peak C has
contributions from the same groups of carbons than peak A
(mainly 2 and 3). Peak D has contributions from groups 1 and
4 i.e. carbon atoms bound to nitrogen and the carbons of the
tert-butyl substitution with sp3 hybridization. Finally, the
weak peak E origins from Group 1.
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Figure 4. Left: The ground state NEXAFS spectrum is shown
in purple. Two difference spectra are shown in grey (-3ns
delay) and black (Average of all pos. delays). Right: The dif-
ferences of the for regions d1to d4 at different time delays.

The result of the tr-NEXAFS measurement is shown in Fig. 4.
The measurement was calibrated using isolated copper plasma
emission lines leading to an uncertainty of the energy calibra-
tion of 0.2 eV.’ Absolut peak positions are listed in table 2.
Direct comparison of the ground state NEXAFS with the
calculated spectra shows that the absolute peak positions are
reproduced exceptionally well in the calculation. While the
relative intensities of peaks A to D are in good agreement,
peak E is stronger in the measurement.

Table. 2. Comparison of calculated and measured peak posi-
tions.

Peak | Calculated energy / eV | Measured energy / eV
A 283.7 283.9+0.2
B 285.2 285.4+0.2
C 287.2 287402
D 288.4 288.2+0.2
E 288.9 289.0+0.2

The absorption changes in dependence on pump-probe delay
are depicted at Fig. 4, right. These changes remain nearly
constant, even at very long delay times suggesting a steady
state behavior of the electronic transitions in the molecule
after excitation with the 0.5 ns pulse (see below). Therefore
we averaged the difference spectra of all positive time delays
for better statistics (black curve in Fig. 4, left). In order to
validate the data at longer delay times the spectrum with nega-
tive pump-probe delay is shown in grey. Both difference spec-
tra are smoothed into 1 eV-bins using a (15x) box filter. The
difference spectrum with negative delay shows a standard
deviation of 2*10™ in the pre edge region (250 eV — 283 eV)
and 4*10™ starting at feature A (283 eV — 300 eV), which is a

measure for the uncertainty AA. AA is nevertheless estimated
to be + 5*10™because of errors originating from sample thick-
ness and pump pulse stability. The biggest light induced
changes can be seen between peak A and B (d2) at peak B
(d3) and between peak B and C (d4). While the absorption at
dl, d2 and d4 is higher for the excited sample it is slightly
lower at d3. Difference d1 possibly arises from an X-ray opti-
cal double resonance i.e. a carbon 1s electron transitioning
into the partially depleted HOMO of the excited molecules.**
Difference d3 is a reduction of peak B, which originates main-
ly from carbon atoms that are bound to nitrogen atoms. It can
be assumed that the reduction of density of unoccupied states
is transferred from d3 to d1 in the excited state. Differences d2
and d4 are in between peak A, B and C. While d2 might also
arise partly from a shift in density of unoccupied states of
group B atoms, the area of d2 is much larger than the area of
p3 and therefore, like d4, must have other contributions that
cannot be isolated easily. The absorption of the butyl groups
(group 4 and 5) seem unchanged in the excited state which is
in accordance with the UV/VIS measurement.*

As previously stated, the time evolution of the differences is
depicted in Fig. 4 (right). For each delay, the depicted values
are the extremum of each region d1 to d4, which are equal to
the average absolute difference in a 1 eV bin around the re-
gions center. Within this uncertainty, differences do not seem
to decline significantly in the investigated delay range, indicat-
ing a long lived state.

CONCLUSION

The carbon K-edge NEXAFS of a thin organic molecule film
was measured in the excited state with sub-nanosecond time
resolution. This proof-of-principle measurement was per-
formed using a laboratory setup based on a laser-produced
plasma source and a reflection zone plate spectrometer. The
excitation was optimized with preceding non-linear absorption
measurements rendering experiments below the damage
threshold of the sample possible. In order to assign the
NEXAFS features to the respective carbon groups, DFT calcu-
lations were conducted. A slow decay channel that is only
apparent in solid TAP films could be investigated. The density
of unoccupied states for carbon atoms that are bound to nitro-
gen atoms are slightly reduced while the contributions from
the butyl groups remain unchanged. The life time of this long
living transient state can only be estimated to be longer than
43 ns. To further elucidate the transient changes and deepen
the understanding of the electronic structure measurements
with longer delays are planned as well as visible pump soft X-
ray probe measurements at the N K-edge. Measurement times
could be reduced by a factor of 250 if the full 100 Hz of the
system could be exploited e.g. when 16-bit back illuminated
scientific CMOS cameras with higher readout speed, adequate
pixel and sensor size become readily available.

The combination of careful pre-characterization using optical
techniques such as UV/VIS and NLA spectroscopy and the
possibility to use lab-based spectrometers enables low-dose
experiments which are a prerequisite when dealing with solid
state samples. Additionally, the use of equipment which is
independent on large scale facilities and in principle available
for any analytics laboratory, enables comprehensive chemical
characterization for material development and monitoring.



Thus, by demonstrating the possibility of the investigation of
the dynamic electronic properties of organic thin films, this
proof-of-principle experiment opens up the tr-NEXAFS tech-
nigque to a whole new class of samples and applications.
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