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Unoccupied states in Cu and Zn octaethyl-porphyrin and phthalocyanine
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Copper and zinc phthalocyanines and porphyrins are used in organic light emitting diodes and dye-
sensitized solar cells. Using near edge x-ray absorption fine structure (NEXAFS) spectroscopy at the
Cu 2p and Zn 2p edges, the unoccupied valence states at the Cu and Zn atoms are probed and de-
composed into 3d and 4s contributions with the help of density functional calculations. A comparison
with the N 1s edge provides the 2p states of the N atoms surrounding the metal, and a comparison
with inverse photoemission provides a combined density of states. © 2011 American Institute of

Physics. [doi:10.1063/1.3592937]

. INTRODUCTION

Cu and Zn phthalocyanines (Pc) have been used as a light
absorber or emitter in a variety of opto-electronic devices,
such as organic light emitting diodes and dye-sensitized so-
lar cells,!™ as well as photocatalytic devices.® They also are
part of molecular donor-acceptor assemblies that serve as pro-
totype structures for real solar cells.”’'° Therefore there has
been a long-standing interest in their energy level structure us-
ing both theory and various spectroscopic methods. X-ray ab-
sorption spectroscopy of the transition metal 2p-to-3d edges
has been used to identify the oxidation state and other elec-
tronic properties at the site of the central metal atom, and the
N 1s-to-2p edge provides information about the surrounding
nitrogen cage, which generally forms the lowest unoccupied
molecular orbital (LUMO). The metal 2p edges have been
investigated systematically in Ref. 11 and the N 1s edge in
Ref. 12. Individual results can be found in Refs. 13-23 for Cu
phthalocyanine, in Refs. 19-21,24, and 25 for Zn phthalocya-
nine, and in Refs. 2628 for Zn porphyrin. For the crystallo-
graphic structure, see Refs. 29-31 for Cu phthalocyanine and
Ref. 32 for Zn phthalocyanine. While the 2p edges of transi-
tion metals, including copper, have been studied extensively,
the Zn 2p edge has received little attention. One does not ex-
pect a transition into empty 3d states, since the 3d shell is
nominally filled for divalent Zn. In Zn-Pc, for example, the 3d
levels lie at ~11 eV below Ef and in Zn metal at ~10 eV be-
low E.%33% Furthermore, the Zn 2p edge lies in a spectral re-
gion, where it is difficult to maintain both high resolution and
high intensity, because neither gratings nor crystals work well
as monochromators. Therefore we focus in this work on Zn
phthalocyanine and porphyrin. The corresponding Cu com-
pounds are investigated in parallel for comparison. In addi-
tion to the LUMO and higher-lying unoccupied energy lev-
els, we determine the widths of the spectral features, which
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provides the lifetime of the unoccupied states. The orbital
character is assigned with the aid of ground state calculations
of the density of states projected onto the metal 3d, metal 4s,
and nitrogen 2p states.

Il. EXPERIMENTAL

Near edge x-ray absorption fine structure (NEXAFS)
spectroscopy was performed with copper and zinc phthalo-
cyanine and octaethyl-porphyrin (OEP). These chemicals
were obtained as powders from Sigma-Aldrich. The powder
was sublimed in ultrahigh vacuum from a tantalum Knud-
sen cell onto silicon wafers passivated by their native oxides.
Typical sublimation temperatures were ~460°C for a Pc and
~270°C for an OEP. The temperature of the Knudsen cell was
monitored with a thermocouple with an accuracy of +10°C.
For high purity films a shutter blocked the initial more volatile
impurities from being deposited.

The sample preparation was optimized at the Syn-
chrotron Radiation Center (SRC) using the sharpness of the
N 1s absorption edge as criterion.'"*'> The metal 2p and N 1s
edges were measured at Beamline 8.0 at the Advanced Light
Source (ALS) in the total electron yield mode. No radiation
damage was observed after expanding the illuminated spot to
~3 x 5 mm?. For details on radiation-induced changes see
Ref. 35.

The photon energy scale was calibrated using two points
with a linear interpolation in wavelength to accurately repre-
sent the 2p3/> and 2/, peak positions. The Cu 2p edge was
calibrated using the 2p3,> and 2p;,, peaks of CuO at 931.3
and 951.1 eV, respectively.’®*” This calibration puts the Cu
2p3)2 of Cu-Pc 0.3 eV higher than in our previous work,'!
which at the Cu edge relied on other literature values.?* The
Zn 2p edge was calibrated using the XPS binding energies
of freshly scraped zinc metal for the 2p3,, and 2p;,, core
levels at 1021.8 eV and 1244.8 eV.3® An alternative calibra-
tion of the Zn 2p edge using CuO agrees within 0.1 eV. The
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FIG. 1. The metal 2p edge of Cu (left) and Zn (right) octaethyl porphyrin (top) and phthalocyanine (bottom). The Cu spectra are dominated by a pair of sharp
transitions from the 2p3,> and 2py > levels into the 3d hole of Cu?* at ~931 and ~951 eV. These are absent in the Zn spectra because the 3d shell is filled. The
remaining much weaker transitions are assigned to nitrogen 2p and metal 4s states with very little metal 3d character.

absolute accuracy of the photon energies is about £0.3 eV, the
relative accuracy between spectra at the same edge is about
£0.1 eV.

The sample current is first divided by the current from
an Au mesh in the beamline to account for changes in the
x-ray flux. A linear fit based on the pre-edge region is then
subtracted from the data to remove the background caused by
transitions from shallower core levels and valence states. Fi-
nally, the data are normalized approximately to the absorption
per Cu or Zn atom by setting the step height from the pre-edge
to the region just below the 2p;, peak to unity.

lll. Cu AND Zn 2p NEXAFS SPECTRA

Figure 1 shows the 2p absorption edges of Cu and Zn oc-
taethyl porphyrin (a and b) in comparison to those of Cu and
Zn phthalocyanine (c and d). In all four spectra the spin-orbit
splitting can be seen as the first half of the spectra roughly
repeats itself in the second half, but with a lower intensity.

The most prominent features in the Cu 2p spectra are the
sharp Cu 2p-to-3d transitions, whose transition matrix ele-
ment is enhanced by the strong overlap between the localized
3d states and the 2p states, as well as by the higher multiplic-
ity of the ¢-to-(£+1) transition (compared to the ¢-to-(£—1)
transitions into 4s states). The 3d peak is more than an or-
der of magnitude higher than the rest of the spectrum. Since
Cu is in the +2 oxidation state in these molecules, there is

a single 3d hole available as final state for the optical tran-
sition. Therefore, one observes only a single, sharp 2p-to-3d
transition similar to that observed in CuO and other divalent
Cu compounds.?”-3° At higher energies, one finds a series of
weak features which eventually merge into a nearly continu-
ous spectrum. These are assigned to a combination of metal
4s states and N 2p states from the surrounding organic ring.

The Zn 2p edge in Fig. 1 (c and d) lacks the strong 3d
transition, but still contains rich spectral features analogous
to the weaker transitions of the Cu-based molecules. The Zn
2p transitions into the LUMO and LUMO+1 at ~1022 and
1024 eV are surprisingly sharp, with a FWHM of 0.7-1.2 eV
that is comparable to the FWHM of ~0.6 eV for the Cu 2p-to-
3d transitions. While one expects a Cu 2p-to-3d transition for
Cu?" due to the single hole left in the 3d shell, one would not
expect it for the filled 3d shell of Zn>*. This raises the ques-
tion whether hybridization gives the LUMO and LUMO+1
some Zn 3d character. This question will be pursued further
in Sec. IV.

An interesting feature of the Zn 2p edges is a small peak
at 1021.9 eV, which lies slightly above the binding energy
of metallic zinc at 1021.8 eV.*® The position and amplitude
of this peak is nearly identical for Zn-OEP and Zn-Pc, so it
is likely due to the interaction between the Zn atom and the
surrounding four N atoms.

There is a systematic upwards shift in the position of the
dominant 2p transition from Pc to OEP (i.e., the 2 p3, peaks at
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931.16, 931.88, 1023.96, and 1024.53 eV for Cu-OEP, Cu-Pc,
Zn-OEP, and Zn-Pc, respectively). The corresponding energy
differences are 0.6 eV (Zn), 0.7 eV (Cu), and 0.5 eV (Ni).!-40
This shift can be explained by an additional electron transfer
from the metal to the extra four nitrogens in the Pc, which
increases the binding energy of the metal 2p core level. The
charge transferred to the N atoms shifts the N 1s core levels
in the opposite direction. This is consistent with the system-
atic shift of the N 1s edge of porphyrins containing various
transition metals.'?

IV. COMPARISON BETWEEN DIFFERENT
SPECTROSCOPIES

In order to obtain experimental information about the or-
bital character of the unoccupied states (e.g., metal versus N),
we compare the metal 2p edge with the N 1s edge in Fig. 2.
In addition we use published inverse photoemission data from
Refs. 41 and 42 to obtain an approximate measure of the to-
tal density of states. The energy scales have been arbitrarily
aligned to the lowest observed feature. Thereby we neglect the
additional energy shift due to electron-hole interaction, which
mainly affects the LUMO transition. For the higher transi-
tions, the electron-hole interactions become weaker because
the kinetic energy exceeds the electron-hole interaction.

The spectra from the N 1s edge and from inverse pho-
toemission are rather similar. One can draw a correspon-
dence between nearly all peaks, as indicated by the vertical
dashed lines in Fig. 2. The Cu 2p and Zn 2p spectra, how-
ever, show few common features within the first 5 eV above
threshold. This can be explained by their minority charac-
ter, combined with a substantial electron-hole interaction in
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copper. Only at energies above 5 eV, the metal and nitro-
gen spectra seem to approach each other (see dashed lines).
This is due to the increasing delocalization of the wavefunc-
tions at higher energies. These observations are consistent
with the notion that the metal 2p edge projects out a single
atom, while the N 1s edge and inverse photoemission repre-
sent the extended 7 system that encompasses many N and C
atoms.

V. ENERGY DEPENDENT LINEWIDTH AND LIFETIME

The lifetime of electrons and holes in dye-sensitized solar
cells is an important factor for their quantum efficiency.**4*
It is possible to obtain an estimate of the electron life-
time from the lifetime broadening of the LUMO peak in
NEXAFS. The energy dependent lifetime broadening also fa-
cilitates the comparison with theory, since the calculations
do not include the lifetime broadening of the energy lev-
els. Therefore we have made an attempt to extract the in-
trinsic lifetime broadening from the metal 2p edges. The
width of a feature is determined by the lifetime broadening
of the core hole and the electron in the unoccupied state (both
Lorentzian), combined with inhomogeneous broadening, vi-
brational broadening, and other unresolved fine structure of an
energy level (approximated by a Gaussian). The correspond-
ing fit curves to the metal 2p spectra are given in Fig. 3. A step
function (hyperbolic tangent) was added to account for the in-
creasing number of weak, unresolved lines at higher energies
(see Sec. VI).

Given the large number of parameters needed to fit these
spectra, only the sharpest and strongest features are selected
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FIG. 2. Different experimental projections of the density of unoccupied states, obtained from the metal 2p edge, the N 1s edge, and inverse photoemission

(reproduced from Ref. 41 for Cu-Pc and from Ref. 42 for Zn-Pc).
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FIG. 3. Determination of the lifetime broadening I' of the unoccupied states by fitting the sharpest 2p3/> spectral features in Fig. 1. The line through the data
is the sum of the features below. The peak widths increase linearly with energy as shown in Fig. 4.

for extracting the Lorentzian lifetime broadening. The result
is plotted in Fig. 4 versus the excess energy above the LUMO
transition (x axis same as in Fig. 2). An approximately lin-
ear behavior of the Lorentzian lifetime broadening is found.
The intercept at the LUMO position is dominated by the in-
verse lifetime of the core hole, while the slope reveals the in-
creasing lifetime broadening of the excited electron at higher
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FIG. 4. The Lorentzian peak broadening (FWHM) versus the excess energy
above the LUMO, obtained from the fits in Fig. 3. It increases linearly with
the energy. The LUMO energy is 931.2, 931.9, 1021.9, and 1021.9 for Cu-
OEP, Cu-Pc, Zn-OEP, and Zn-Pc, respectively. These results are used to real-
istically broaden theoretical energy levels in Fig. 5. Cu has open symbols, Zn
has filled symbols, Pc has circles, and OEP has squares.

energies. An approximate value of the electron lifetime broad-
ening can be obtained by subtracting the intercept in Fig. 4.
The lifetime 7 is obtained from the lifetime broadening I" via
T = #/T". A further observation in Fig. 4 is the larger slope of
OEP compared to Pc. The magnitude of the lifetime broaden-
ing is consistent with the values obtained from the final state
lifetime broadening of angle-resolved photoemission of Cu
(Ref. 45) and Al (Ref. 46), and from low-energy electron
diffraction (LEED) at comparable energies.

VI. ORBITAL CHARACTER FROM THE DENSITY
OF STATES

In order to obtain further information about the orbital
character of the unoccupied states, we use the projected den-
sity of states obtained from first principles density functional
theory in the local density approximation (LDA) (Fig. 5).
In contrast to the experiments discussed in Sect. IV, these
calculations describe the neutral ground state, while inverse
photoemission represents a negative ion state and absorption
spectroscopy an excited neutral state containing an electron-
hole pair. Calculations of such excited states are much more
complex. They will be addressed in a future publication.*’
Although the ground state density of states shown in Fig. 5
cannot be expected to reflect the spectroscopy results, it
represents important information for the chemistry of these
molecules. Particularly interesting in the context of solar cells
is the attachment chemistry to acceptor materials, such as
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FIG. 5. Partial density of unoccupied states calculated for the ground state by LDA. For Cu-Pc and Zn-Pc, the N 2p contributions from the inner and outer rings

of nitrogens are similar to each other and have been added.

TiO, and ZnO,*** and the transport of excited carriers from
the dye molecule.*?

At the Cu 2p and Zn 2p edges, dipole selection rules al-
low transitions into 3d and 4s valence states (plus the con-
tinuum). A combination of N 2p valence orbitals with d- or
s-like symmetry about the metal atom is allowed as well, al-
though it may be suppressed by the low amplitude of the N 2p
orbitals at the position of the metal atom, where the 2p core
wave function is located. Figure 5 shows these three different
projections of the unoccupied density of states (nitrogen 2p,
metal 3d, and metal 4s).

In Cu-OEP and Cu-Pc, the LUMO has predominately Cu
3d character, as expected from the existence of a 3d-hole in
Cu*. In Cu-OEP, the LUMO+1 is separated by 1.2 eV from
the LUMO, while it is much closer in Cu-Pc (~0.3 eV).

In Zn-OEP and Zn-Pc, the Zn 3d contribution is nearly
absent because the 3d shell is filled. The LUMO has almost
entirely N 2p character. It is possible to compare the LUMO
in Zn-OEP with the LUMO+1 of Cu-OEP. This comparison
extends even to the LUMO+1 in Zn-OEP and LUMO+2 in
Cu-OEP. This similarity is supported by the strong nitrogen
character and the splitting of ~3 eV.
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Apart from the LUMO in Cu-OEP and Cu-Pc, the un-
occupied states of all four molecules have strong N 2p char-
acter. The density of states per nitrogen atom is comparable,
leading to twice the density of states in the phthalocyanines
than the porphyrins. The metal 4s states have a relatively nar-
row energy distribution centered at about 5 eV above thresh-
old, while the N 2p states cover the whole energy range. The
higher lying metal 3d states are insignificant.

VIl. CONCLUSIONS

In summary, the unoccupied states and their lifetimes of
Cu and Zn phthalocyanines and porphyrins have been inves-
tigated, with an emphasis on determining the change of their
orbital character as the 3d shell fills up. The most dramatic
difference between Cu- and Zn-containing molecules is the
disappearance of the Cu 3d hole in Zn. Apart from this effect,
the electronic structure is very similar. At both 2p absorp-
tion edges, a weak but highly structured density of states is
found.

A comparison of the metal 2p with the N 1s edges reveals
that the unoccupied states located at the metal atom and at the
surrounding N atoms are very different.

The detailed projections onto the N 2p, the metal 3d, and
the metal 4s states are obtained for the ground state from
density functional calculations. In Cu-OEP and Cu-Pc the
LUMO has predominantly Cu 3d character, while it has N
2p character in Zn-OEP and Zn-Pc. Unoccupied states above
the LUMO are predominantly N 2p states with significant
metal 4s states concentrated in a resonance ~5 eV above the
LUMO.

Since Cu and Zn phthalocyanines have been used fre-
quently in organic LEDs and solar cells, this information is
relevant to electron injection and extraction in organic opto-
electronics.

Future avenues to explore are time-resolved measure-
ments of the LUMO and its lifetime via two-photon
photoemission,>! and custom-designed variations of por-
phyrins and phthalocyanines.*3-
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