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Study of the electronic structure of electron
accepting cyano-films: TCNQ versus TCNE+

Maria J. Capitan, (2 *°° Jesus Alvarez (2 and Cristina Navio®

In this article, we perform systematic research on the electronic structure of two closely related organic
electron acceptor molecules (TCNQ and TCNE), which are of technological interest due to their
outstanding electronic properties. These studies have been performed from the experimental point
of view by the use electron spectroscopies (XPS and UPS) and supported theoretically by the use of
ab-initio DFT calculations. The cross-check between both molecules allows us to identify the
characteristic electronic features of each part of the molecules and their contribution to the final
electronic structure. We can describe the nature of the band gap of these materials, and we relate this
with the appearance of the shake-up features in the core level spectra. A band bending and energy gap
reduction of the aforementioned electronic structure in contact with a metal surface are seen in the
experimental results as well in the theoretical calculations. This behavior implies that the TCNQ thin film
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|. Introduction

7,7,8,8-tetracyano-p-quinodimethane (TCNQ) and other related
organic donor-acceptor compounds have been the scope of a
large number of studies over the last two decades. This interest
arises from the very unusual electronic, optical, and magnetic
properties exhibited by some of these materials." The large
plethora of enhanced electrical properties can be illustrated in
quasi one-dimensional donor-acceptor charge-transfer systems
incorporating TCNQ. Their properties can go from a Mott-
Hubbard metal-insulator transition®>™ or Peierls metal-insulator
transition® to possible Fréhlich-type superconductivity behavior.®
Their properties make them suitable for their use in many
technological applications ranging from superconductivity to
organic electronics, organic batteries,” as materials for direct
injection sensitized solar cells®® or as candidates for spintronic
devices. However, a clear prerequisite in the understanding of
these materials’ properties is the determination of the electronic
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accepts electrons from the metal substrate becoming a Schottky n-junction.

structure of the pure solid-films. Thus, detailed information on
the electronic structure of TCNQ and related molecules is
especially valuable in light of efforts to control the growth of
films with given properties."?

A large number of surface spectroscopy techniques have
been used to study the electronic structure of TCNQ (core-level
photoemission spectroscopy,'* valence-band photoelectron
spectroscopy,"® electron transmission spectroscopy’®) and its
anionic state’”'? showing a large dispersion depending on the
preparation method and, therefore, in the properties of the
system. Thus, a systematic study that could lead to a complete
description of the electronic structure of the TCNQ films that
allows its spectroscopic features to be correlated to its electronic
behavior is still lacking.

On the other hand, many studies of the electronic levels of
TCNQ have been performed with a theoretical approach. They
can be placed into three classes: ab initio,’**" semiempirical,”***
and Xo..>* Although there are some previous studies that relate the
electronic structure of these compounds with their electronic
properties,'®™? there is still a lack of a deep and complete
correlation between their calculated electronic state and the
different electronic singularities observed in these compounds.
Our aim is to carry out a systematic experimental study sup-
ported by ab initio theoretical calculations in order to lead to a
complete description of the electronic behavior of this acceptor
organic system that could allow us not only to describe these
properties but also to predict their singularities.

A similar molecule, tetracyanoethylene (TCNE), also forms a
variety of donor-acceptor complexes and has been employed
extensively in the study of electron-transfer phenomena.
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Fig. 1 Molecular structure of; (left) TCNQ with four carbon atoms in
different chemical environments and (right) TCNE with two carbon atom
environments.

Because TCNE is somewhat smaller and simpler than TCNQ
(see Fig. 1), it provides a useful case for proving our calculations
and conclusions for the TCNQ case.

We have undertaken a systematic study of the electronic
properties of TCNQ films on a metal substrate. For that
purpose, we have studied the TCNQ film growth on a metal
surface increasing the film thickness step-by-step and monitoring
the changes in the electronic structure. Surface analysis techniques
such as X-ray Photoelectron Spectroscopy (XPS), Ultraviolet Photo-
electron Spectroscopy (UPS) and Inverse Photo-Emission (IPES)
give access to the Fermi level and the electronic structure of a
material. We have compared these results and those present in the
literature to our theoretical results. We have made a cross-check of
these properties with those obtained for TCNE films, in order to
undoubtedly confirm our results and conclusions. The ab initio
approach is the most suitable for comparing the theoretical results
to the surface spectroscopy results. The ab initio calculations are,
however, very expensive and storage limited, so it is difficult to
perform them or to extend them to larger systems, as in the case
of TCNQ. Here, we use first principles theoretical calculations
performed in the context of Density Functional Theory*>*®
using the SIESTA*>"?® code, which has largely demonstrated its
performance for such large molecular solids.

The origin of the UPS spectra features has been given by means
of the theoretical calculations, making a correlation between each
peak with its corresponding molecular orbitals. The assignment of
the band gap with the molecular orbitals (HOMO, LUMO) can
explain the presence of shake-up features in the core level photo-
emission spectra. Our study shows that a band bending of the
electron bands of the TCNQ film at the metal interface is needed
in order to explain all the different electronic properties observed.
All these issues can play a crucial role in the properties of these
materials for the production of organic electronic devices.

I[l. Method section

II.1. Experimental method

TCNQ (7,7,8,8-tetracyanoquinodimethane) powder from Sigma
Aldrich was used in the experiment. The TCNQ films were
deposited on a Cu(001) single crystal under Ultra High Vacuum
(UHV) conditions (base pressure 2 x 10 '° mbar) maintaining
the substrate at —50 °C by means of a nitrogen liquid circuit.
We prepared the Cu(001) single crystal by “in situ’” Ar' sputtering
and flash-annealing cycles under UHV conditions. As a result
of this, a sharp diffraction pattern could be observed for the
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copper substrate, including copper surface diffraction rods giving
a measure of the substrate quality. TCNQ was deposited by
thermal evaporation from glass crucibles at a pressure of
1 x 10~ ® mbar, which corresponded to a crucible temperature
of 65 °C. Under these conditions the growth rate for TCNQ was
measured to be 0.2 ML per min (Mono-Layer per min). Samples
of different thickness were grown, but here we mainly show the
results for a very thick film (17.1 ML).

The electronic properties were studied with a hemispherical
energy analyzer (SPHERA-U7) and using a monochromatic Al
Ko line source (hv = 1486.7 eV) for the X-ray Photoelectron
Spectroscopy (XPS) studies and an ultraviolet He discharge
lamp for the valence band measurements (Ultra-violet Photo-
electron Spectroscopy, UPS). Both He I (Av = 21.2 eV) and He II
(hv = 40.8 eV) lines were used for the UPS measurements. The
analyzer pass energy was set to 20 eV for the XPS measurements
to have a resolution of 0.6 eV, whereas for UPS, the pass energy
was set to 5 eV corresponding to a resolution of 0.1 eV. All the
core levels energies are calibrated with the Cu 2p;/, peak of the
clean substrate (binding energy of 932.3 eV) and the UPS
spectra to the Fermi edge of the clean Cu substrate. The TCNQ
film measurements are compared to those obtained for the
TCNE (tetracyanoethylene) films grown under the same experi-
mental conditions here described. In Fig. 1, we show a sketch of
both molecules.

The TCNQ structure was characterized by means of “‘in situ”
surface X-ray diffraction at the W1.1 beamline at the Hasylab
synchrotron at Desy. The experimental setup has a six circle
goniometer to allow a diffraction geometry with fixed incoming
beam angle onto the crystal surface and an UHV evaporation
chamber with a large beryllium window (transparent to X-rays)
to allow simultaneous X-ray diffraction (XRD) measurements
during the film growth.”® The X-ray diffraction studies (not
shown here) show that under the used growth conditions,
the TCNQ film preserves a C2/c monoclinic structure, with
a =18906 A b =7.060 A c=16.395 A and f = 98.54° cell
parameters.® The TCNQ film shows a preferential orientation
with respect to the substrate. The film has a TCNQ (020)
orientation, with the TCNQ molecules being stacked perpendicular
to the substrate direction. But the C-ring of the TCNQ molecules
does not lay completely parallel to the substrate surface.”> TCNE
shows a P21/n monoclinic structure with a unit cell with a =
7.4890 A, b = 6.2045 A, ¢ = 69911 A and f§ = 97.235° being in
complete agreement with the structure given by Chaplot et al.**

I1.2. Theoretical method

In order to study the geometrical and electronic structure of TCNQ
film, we use first principles density functional®®?® calculations
using the SIESTA code,”””® which uses localized orbitals as base
functions.*> We use a double ¢ basis set (in some instances, the
results are checked by increasing the basis with polarized orbitals),
non-local norm conserving pseudopotentials and for the exchange
correlation functional, we use the generalized gradient approxi-
mation (GGA)** including van der Waals interaction as
implemented by Roman-Perez and Soler** with the functional
developed by Dion et al®* In some cases, the results are
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compared with those obtained with the functional originally
developed by Berland and Hyldgaard.*® The results depend
quantitatively on the van der Waals implementation but
qualitatively, they are very similar (see below). The calculations
are performed with stringent criteria in the electronic structure
convergence (down to 10> in the density matrix), 2D Brillouin
zone sampling (up to 600 k-points), real space grid (energy
cut-off of 400 Ry) and equilibrium geometry (residual forces
lower than 2 x 107> eV A™"). Due to the rapid variation of the
density of states at the Fermi level, we used a polynomial
smearing method.?” Concerning the basis set used, it should
be indicated that we could not get a good and stable density
matrix and geometrical structure using the default SIESTA
basis. We, instead, used a different cut-off for the basis set.
For instance, in the case of carbon, we used 4.298 Bohr and
5.120 Bohr cut-off for [ = 0 and [/ = 1, respectively, instead of the
default values of 4.088 Bohr and 4.870 Bohr. In addition, we
used an energy shift of 300 meV. We believe that a complete
description of the electronic properties and structure of TCNQ
using a localized basis set is by itself an interesting, and
difficult, piece of research that, by the way, we are continuing
to study.

Concerning the Mesh-Cutoff used (400 Ry), it is probably too
large. We tried 200 and 300 Ry with very similar results. However,
considering the rather sparse TCNQ structure, the small atoms
involved, and the difficulties in obtaining an equilibrium structure,
we decided to keep the value of 400 Ry in the calculations to avoid
any “eggbox” effect. The calculated results were compared with the
experimental valence band photoemission measurements.

The structure has been optimized in preliminary calculations
for the isolated molecules, slabs for one layer, two layers, three
layers and the full bulk structure. As the obtained results were
similar to those found in the literature, for the final electronic
structure calculations, the experimental lattice parameters
were used.

A double cross-check between the experimental X-ray diffraction
structure and the theoretical optimized structure has been made for
both molecular solids. The optimized TCNQ molecular bond
distances are comparable to those calculated by Long et al.>®
within a maximum divergence of 1.2% with respect to the
literature. The molecular packing is driven by N---N and
CN---NC van der Waals dispersion interactions leading to an
interleaving herringbone packing motif similar to that observed
for benzene and aromatic fused-ring systems with the cell lattice
previously given. The calculated molecular TCNQ inter-plane
distance along the b-axis direction is 3.536 A and perpendicular
to the TCNQ ring direction, it is 3.23 A due to the herringbone
angle of 48.2°, which is comparable to those data given by Long
et al. (interplane distance of 3.45 A and herringbone angle of
48°).*° The perpendicular distance is also in agreement with the
statistical studies of all TCNQ and MTCNQ compounds that
gives an average distance of 3.3 A,*® indicating that the stacking
is caused by the same driving forces.

The theoretical optimized TCNE structure also completely
agrees with the diffraction structure shown in the literature."
The remarkable point is that the TCNE C-bridge bond
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(bond between two C labeled as 2 in Fig. 1) is more similar in
distance to the C-ring bond than to the C-bridge bond of TCNQ
(TCNQ: C4-C4 bond and C2-C3 bond, respectively).

Ill. Results and discussion

III.1. XPS measurements

The XPS spectra of TCNQ have been measured with High
Resolution (monochromatized Al Ka). The C1s and the Nis
results are shown in Fig. 2.

The right lower panel of Fig. 2 shows the N1s core level
spectra of TCNQ taken under low (orange line) and high (red
points and line) energy resolution conditions. It may be noted
that the low resolution spectrum is quite similar to those
published by Grobman et al.** and Lindquist et al.'* The N1s
TCNQ spectrum is characterized by a unique main peak at a
binding energy of 399.1 eV, which is similar to the literature
value (399.2 eV*® and 399.7 eV'%). A single peak agrees with an
identical chemical environment for the four N of the TCNQ
molecule (Fig. 1).

The N1s spectrum also has a broad satellite peak placed at
2.6 eV higher binding energy with respect to the main peak that
has been associated in the literature to shake-ups. This peak
has an intensity of 22% of the main peak, which is reasonable
(usually, the intensity is 20% maximum with respect to the
main peak). A detailed inspection of this peak lets us note that
it is clearly asymmetric, indicating that it is not a single peak
but due to two peak contributions (with an intensity of 15% and
7%, respectively). Both satellite shake-up peaks should be
associated with the unique N1s XPS main peak of TCNQ. The
shake-up phenomenon is an energy loss of the photoelectron

T | T | T T
Cls 1s
2 TCNE
=
€
s
z2
z
2
=
TCNQ

! | |

300 290 280 410 400 390
Binding Energy Binding Energy
Fig. 2 (left) Cls and (right) N1s XPS spectra of the TCNQ (bottom) and

TCNE (top) thick films (17 ML) grown on Cu(001). The points show the high
resolution spectra (red: TCNQ and blue: TCNE) and the lines show their
corresponding low resolution spectra (orange: TCNQ and violet: TCNE).
The yellow line shows the high resolution powder XPS spectra of a powder
TCNQ sample, which has an intermediate shape between them.
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due to other electron excitations to higher-lying bound states. It
is related to a local intramolecular electronic excitation process
but preserves the spatial localization.*® Thus, there are two
electron excitations across the band gap in the semiconducting
TCNQ spatially related to the cyano-N atoms. Although this
shake-up phenomenon assignation is well known in the literature,
the origin of the electronic state transitions has not been clearly
determined.

The left lower panel of Fig. 2 shows the C1s core level spectra
of TCNQ taken under low (orange line) and high (red points
and line) energy resolution conditions. The low resolution
spectra are also similar to the corresponding Cl1s spectra
published by Lindquist et al.'* However, the presence of two
main peaks is clearer in the C1s high resolution spectrum given
here (red points) than can be expected for carbon atoms present in
more than one type of chemical environment in this compound.
The TCNQ molecules have four different carbon environments
(see Fig. 1), but only two peak contributions can be clearly
distinguished in the spectrum. These two peaks are placed at
286.0 eV and 284.8 eV of binding energy. The intensity ratio
between these two peaks is 2:1. The corresponding carbon
chemical environment for each peak remains still not well
established in the literature. In order to shine a light on this
peak assignation, we have compared the TCNQ C1s spectra with
the equivalent for TCNE. TCNE is chemically similar but a
simpler molecule than TCNQ (Fig. 1). It has two types of chemical
environments of C similar to TCNQ (labeled as 1 and 2) and two
types of chemical environments absent (related to the C-ring and
labeled as 3 and 4). The ratio is 4 C-cyano (label-1) versus 2 C-bridge
(label-2). Thus, by comparing the two C1s high resolution spectra it
seems that the higher binding energy main peak (the most intense
one) is related to the cyano group carbon (type-1).

The TCNQ C1s spectrum (similarly to the already discussed
N1s) has also shown a broad shake-up peak at higher binding
energy. This shake-up also has an asymmetric shape (like the
N1s shake-up) and it has shifted 2.6 eV with respect to the more
intense main peak. The shake-up asymmetry is due to the
presence of two components in the satellite peak. It can be
noted that TCNE also has shake-up satellites in both the C1s
and N1s XPS spectra. Although in this case, the shake-ups are
less intense and thereby only observable in the high resolution
XPS spectra.

In order to unequivocally assign the carbon peak origin in
TCNQ and to define the transitions implicated in the TCNQ
molecule photoemission shake-ups, we have undertaken theoretical
calculations for those TCNQ and TCNE compound solids. The
theoretical calculations show different carbon chemical envir-
onments in the TCNQ molecule when using the calculated
Voronoi charge localization.*" The calculated charges are dis-
played in the inset of Fig. 3. There are two carbons that are
clearly different; the C-cyano (type 1 in Fig. 1) that has a local
positive charge and the C-ring (type 4) that has a local negative
charge. Type 2 and 3, which from now we will call a C-bridge,
have an intermediate charge and its value is very close between
them. When we compare these results to the calculated Voronoi
charge for the TCNE molecule case, it is clear than in the latter
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Fig. 3 Analysis of the components for the Cls (left panel) and N1s (right
panel) XPS spectra of both TCNQ (bottom) and TCNE (upper). Each
component has been colored considering their atomic contribution. This
correlation has been made considering the calculated local Voroni atomic
charge. The calculated charge localized in each atom is given in the
structure sketch here shown. Orange lines show the components for
the satellite shakeups that appear in the TCNQ and TCNE films.

case, it has only the C-cyano (local positive charge) and C-bridge
(local negative charge).

These different C-environments can be used to explain the
XPS spectra. There is no doubt in the N1s spectra peak fitting
and assignation because there is a unique N chemical environ-
ment and a unique XPS main peak in both cases (TCNE and
TCNQ). The C1s XPS spectrum of TCNE has two main peaks.
A more intense peak placed at higher binding energy has an
intensity ratio of 4:2 with respect to the less intense one.
Considering the TCNE chemical formula and the calculated
local charge (inset in Fig. 3), the highest binding energy C1s
main peak corresponds to C-cyano atoms (the most positive
charged carbon). These chemical shifts are in the direction
predicted for the photoemission core level shift as a function of
the local oxidation state.*>

The Ci1s spectrum of TCNQ has different contributions.
Three different C-chemical environments can be distinguished
with respect to their local charge. There are 4 C-cyano atoms
(carbons with the intermediate positive local charge) and 4 C-ring
atoms (the carbons with most negative local charge). Between
both, there are the C-bridge atoms (type 2 and type 3) with the
most local positive charge, which is very similar between them
(there are 2 + 2 of these). Fig. 3 shows the fit considering the
different environments described and their relative intensity
(4:4:4). In any case, it is clear that the 4 C-ring atoms contribute
to the well resolved peak at lower binding energy while the peak
at higher binding energy is composed of the rest of the C atoms
in two components that cannot be resolved. The binding energies
of the peaks are in agreement with the expected core level
shifts.*?

Phys. Chem. Chem. Phys., 2018, 20, 10450-10459 | 10453
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Orange lines in Fig. 3 show the fit for the shake-up satellites.
The shake-up peak asymmetry is due to two contributions,
2.47 eV and 3.43 eV for the N1s and 2.56 eV and 3.36 eV with
respect to the main peak for the C1s spectra of the TCNQ
film. Considering that the shake-up comes from an electron
transition between an occupied to an unoccupied band, the
lowest satellite to peak energy distance ~ 2.5 eV must be higher
or at least equal to the TCNQ band gap. In the case of TCNE, the
shake-up satellite cannot have such a detailed fit due to its
lower intensity. It seems that the origin of the shake-up is the
same in both organic films.

We have also observed a peak shift in the C1s and N1s XPS
spectra toward lower binding energies by increasing the TCNQ
film thickness. This effect has already been pointed out by
other authors;** although the origin of such a phenomenon
still remains unclear, some authors attribute this energy shift
to the interplane n—n interactions. We have some evidence that
this is not the origin of this effect.

II1.2. UPS measurements

Fig. 4 shows the measured He-I photoelectron spectrum of
TCNQ film (right panel). The lack of electron emission at the
Fermi level indicates the insulator character of the solid TCNQ.
This is compared with the TCNE solid spectrum measured
under the same experimental conditions (left panel). These
spectra are compared with the equivalent ones for the gaseous
phase measured by Ikemoto et al.*

The TCNQ gaseous data presented in the literature are
shown in an energy scale referring to the vacuum zero. The
TCNQ solid UPS spectrum measured by us is given in energy
with respect to the metal Fermi level, which is measured with
respect to the copper Fermi level (vertical solid lines). Thus, in
order to put this in absolute energy with respect to zero, we

I T I T ‘ T ‘ T | T | T | T I T I T | T | T I T [ T ‘ T | T | T | T | T
TCNQ TCNE
VE=33 | WF=67
P .
Pol=ge Pol= 1.
-
I 1 I 1 l 1 ! I J il | 1 | 1 1 1 | L | 1 | L [ L l L I 1 I 1 I 1 1

|
18 16 14 12 10 8 6 4 2 0
Energy from vac (eV)

18 16 14 12 10 8 6 411 é 0

Energy from vac (eV)
Fig. 4 Bottom panels: UPS spectra of the gas phase of TCNQ (orange on
the left panel) and TCNE (violet on the right panel) as shown in the
literature.® These spectra are compared with their corresponding spectra
for the very thick film measured by us (red and blue for TCNQ and TCNE,
respectively). The UPS spectra have been shifted in energy taking into
account the measured working function and the calculated polarization
for each. Upper panels: DOS calculations.
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need to correct it by using the TCNQ solid work-function. This
work-function is experimentally derived from subtracting the
cut-off photoemission energy (the edge placed at the highest
absolute binding energy of the UPS spectra) with respect to the
photon energy (21.22 eV for the used He-I excitation photon
energy). The measured work-function is respectively 5.3 eV for TCNQ
and 6.7 eV for TCNE. The value measured for TCNQ is comparable
to other values given in the literature (Pyong = 5.01 eV*).

Furthermore, the TCNQ solid spectrum, after the afore-
mentioned work function correction, shows a first peak at 8.6 eV,
which is comparable to the values given in the literature (8.53 eV*®
and 8.0 €V>°). However, these values are different to the first peak of
TCNQ gas (9.7 eV)."® This difference has been explained in the
literature by the presence of a surface dipole in the solid. The
presence of a surface dipole is well-established in the molecular
system case. Thus, Lipari et al.** show that it is more appropriate to
define the polarization energy as the shift required to bring the gas-
and solid-phase peaks into coincidence. Thus, in our case, the
difference between the first peak energy (8.6 eV) and the energy
for the first peak of the gas-phase given by Ikemoto et al.'®
(9.7 eV) is 1.1 eV, which is equal within the error bar to that
obtained for Lipari et al*® (P = 1.13 €V) and close to that
calculated by Sato et al.*® (1.4 eV).

In the case of TCNE, the first peak appears (once it has been
corrected by the work function) at 10.3 eV and the value given
by Ikemoto et al. for the gas-phase is 11.9 eV.'® Thus, the
polarization energy given by the necessary energy shift for
overlaying the gas and solid phase UPS spectra is 1.6 eV. This
value is within the usual energy range known for organic
molecules, which can go from 0.9 eV to 3.0 eV.*®

After these energy corrections, it can be appreciated that
both the gas-phase and the solid-phase UPS spectra of TCNQ
are comparable except for a difference in the peak width. This
indicates weak van der Waals forces between rigid molecules in
the TCNQ solid.*” In the case of TCNE, there are some more
differences between the gas and the solid, however, the TCNE
solid spectrum has a lower quality, in spite of having preserved
the same experimental conditions. There is some electron
density close to the Fermi edge indicating that the TCNE film
can be lightly polluted.

The TCNQ UPS spectrum has two discrete peaks before the
broad main peak and the TCNE has only one. It seems (by
comparing their molecule structure) that one of these peaks
could be related to the C-ring orbitals. However, the peak
assignation of the UPS spectra still remains unknown. Thus,
we have undertaken an analysis of the spectra by comparing
with the theoretical DOS calculation (solid black line in Fig. 4).
The high coincidence of the calculated density of state with the
measured UPS spectra for both molecules can be observed.
Even if the calculated peak intensity is in very good agreement
with the UPS. However, both TCNQ and TCNE seem to have a
contraction in the energy of the Density of State width of
approx. 20%. We have checked the origin of this divergence
and it seems that it could be due to the basis used in the
ab initio method and not due to an error in the intramolecular
distances.
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Fig. 5 UPS (left panel) and Cls XPS (right panel) spectra of TCNQ. We
have compared the spectra measured for a very thick film (17.1 ML in red)
with that measured for a very thin one (1.8 ML in orange). The inverse
photoemission spectrum?® has been included to show the experimental
state of the empty TCNQ bands. The calculated band structure is shown by
a continuous black line for the occupied bands and dashed black lines for
the unoccupied ones. The first peak at positive values in thick black line
corresponds to the HOMO while the first peak in dashed black line
corresponds to the LUMO orbitals. In the right panel, we have included
as an inset the dependence of the XPS peak position versus the film
thickness.

We have shown that we are able to describe the occupied
electronic state of both the TCNQ and the TCNE films. However,
to further test the calculation validity as a step prior to seeing if
they can be used to make some predictions in the films’ electronic
behavior, we have also studied the unoccupied electronic state. In
Fig. 5, we compare the energy corrected occupied DOS to the
measured UPS spectra for TCNQ (black solid line versus red filled
points) and the calculated unoccupied DOS to the inverse
photoemission measurements shown in the literature®® (black
dashed line versus the magenta holed points).

The TCNQ inverse photoemission spectrum is characterized
by the presence of an isolated peak previous to a more continuous
signal that resembles the isolated LUMO-peak that appears in our
calculations. However, if the zero of both UPS and inverse photo-
emission experiment is the same, the HOMO to LUMO difference
is ~4.0 eV (see Fig. 3) but the calculated HOMO to LUMO distance
is 1.8 eV. This huge difference between them can be due either to
an underestimation of the TCNQ band gap in our calculations
(error in the calculated gap) or to a difference in the energy scale
between the UPS and inverse photoemission experiments (error in
the estimated experimental gap) or both. Considering that the
shake-up comes from an occupied to an unoccupied band electron
transition, the lowest relative energy shake-up signal (~2.5 eV)
should be equal to or higher than the HOMO-LUMO band gap.
Joel S. Miller et al.*° calculated a band gap value of 2.5 eV by means
of DFT calculations using the B3LYP functional for one isolate
TCNQ molecule. Thus, the most plausible cause of this energy
shift is mainly due to a difference in the zero of our UPS
measurement due to a sample charge because of the isolator
character of TCNQ (despite the use of a charge compensator
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TCNQ film
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Energy (eV)

INTERFACE

Fig. 6 A sketch of the band structure of the TCNQ film on Cu(001). Only
the TCNQ n-bands closer to the Fermi level are shown in order to have a
clearer sketch. In a very thick film, TCNQ has the LUMO near to its Fermi
level. In the vicinity of the metal substrate (very thin film), there is a band
bending driving the TCNQ LUMO below the metal Fermi level. In this
situation, the TCNQ LUMO is partially occupied by metal electrons. The
TCNQ band gap decreases slightly at the metal interface. The metal
interface extends up to the three first TCNQ layers.

during the UPS measurement). The high film thickness
(17.1 ML) hides the substrate Cu-metal peak, which is usually
used as an absolute energy reference in very thin films, making
it impossible to neglect a certain sample charge during the
measurement. Thus, we have shifted the zero of the UPS spectra
in such a way that the HOMO to LUMO gap (the last UPS peak
with respect to the first inverse photoemission peak) has a gap
equal to the value given by the shake-up signal (2.5 eV) (see
Fig. 6). Although the band gap is not exactly the same as that of
the excitation energy because there is relaxation of the excited
state that should be considered, we can, in a first approach,
compare them. Our calculated HOMO to LUMO distance is
1.8 eV, which is close to this measured shake-up energy,
considering the well-known underestimation in the solid gap
calculations in our method.

Both our calculation and the experimental inverse photo-
emission show a LUMO band near the metal Fermi level. Thus,
it can be partially occupied when it is close enough to a metal.
The UPS spectra of the very thin TCNQ film (1.8 ML) over
Cu(001) metal shows a small peak at 1.2 eV below the Fermi
level (orange points in Fig. 5). Note the difficulty in identifying
the peak due to the presence of a high intensity Cu-substrate
d-band close to this region. Feyer et al.>® also showed the
appearance of a peak in TCNQ very thin films over Ag(001) or
Cu(001) substrates at 0.95 eV and 1.20 eV, respectively. The UPS
spectra of this very thin film shifts by ~1.2 eV with respect to
the very thick one (pink arrows in Fig. 5). Taking into account
this spectral shift, this new peak is placed at the position
estimated for the LUMO position. Thus, this appearing peak
is related to a partial occupation of the TCNQ film LUMO.

The appearance of this peak is also associated with the
disappearance of the shake-up peaks in both C1s and N1s XPS
spectra. This behavior enhances two facts: the TCNQ LUMO
level becomes below the metal Fermi level in very thin films
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and the shake-up phenomenon is related to the TCNQ LUMO
band. This new peak (at 1.2 eV below the metal Fermi level) has
an energy distance of 1.9 eV to the TCNQ HOMO, which is
slightly lower than the gap of 2.5 eV of the very thick TCNQ
film. There is a band gap distance reduction of ~0.6 eV when
the TCNQ solid suffers a charge transfer from the metal
substrate. Our calculation reproduces this band gap reduction
when the TCNQ is charged.

The shake-up disappearing and the TCNQ LUMO occupation
relationship are confirmed in the MTCNQ compounds. It has been
shown in the literature that when a metal-TCNQ compound is
formed, the XPS spectra of C1s and N1s have no shake-up satellite.
This is due to the transfer of charge from the metal to TCNQ since
the TCNQ LUMO is partial/totally occupied.

The inset in Fig. 5 shows the C1s position versus the film
thickness. The substrate to TCNQ film electron transfer is
accompanied by an XPS peak shift toward higher binding energies
in both C1s and N1s spectra. This progressive XPS peak shift is
indicative of a band bending in the TCNQ-film interface. The
evolution of the peak position versus the film thickness gives a
band bending of approx. 0.8 eV in the TCNQ film. This band
bending value is comparable to the UPS spectrum shift in the very

View Article Online
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thin film with respect to the very thick one, being 1.2 eV. There is a
good agreement between both measurements considering the low
number of points in the XPS thickness dependence figure. The
dependence of the XPS signal on the film thickness also allows the
band bending extent to be estimated as the first three TCNQ
layers.

Fig. 6 shows a sketch of the band structure of the TCNQ
film/Cu(001) interface made with the already discussed points.
The used work functions are 5.1 eV for Cu(001)** and 5.3 eV for
the TCNQ film. We have also included the polarization previously
calculated here for the TCNQ film (1.1 eV). It shows the band
bending of TCNQ to be close to the metal interface already
discussed. The proximity of the TCNQ LUMO band to the metal
Fermi level allows a substrate to film electron transfer. It also
shows the reduction of the TCNQ band gap at low film thickness,
the band gap is 2.5 eV in very thick TCNQ films.

Thus, we have shown the quality of the theoretical calculations
in both occupied and unoccupied states. In order to describe the
different contributions to the UPS spectra, we have studied
separately the different atomic contributions to the total DOS
(see Fig. 7). In both TCNQ and TCNE, UPS spectra are char-
acterized by the presence of a very intense broad peak (at ~5 eV

Y S
P
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N

|
10 8 6 4 2 0 -2 -4 -6
Energy from Molecule Fermi level (eV)

e

2byg by 3by,
HOMO-2 HOMO-1 HOMO
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Fig. 7 Top: The partial atomic contribution to the total density of state (DOS) is shown. The color code used for the atoms contribution is the same as
that already described (blue: N-cyano, pink: C-cyano, green: C-ring and yellow: C-bridge). The DOS is compared to the experimental UPS spectra of the
molecule film. In the case of TCNE, we have also included the UPS for the gas phase due to the lower resolution measured for the film one. Bottom: We
show a sketch of the atomic contribution to each band for those electronic bands closest to the Fermi level. The green and pink lines show the molecule

symmetry planes perpendicular to the molecule-ring plane.
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below the Fermi level). The partial density of state indicates
that this intensity comes mainly from the cyano-group c-bond
(blue line is N and pink is C-cyano), justifying its presence in
both samples. A difference between both samples is that TCNQ
has two isolated peaks and TCNE has only one at energies
closer to the Fermi level with respect to these main peaks. The
partial density of state in the TCNQ indicates that one of these
two peaks (indexed as 2) is mainly related to the C-ring n-bond
(green line). The same case occurs for the TCNQ peak of
~7.8 eV. These peaks do not appear in the TCNE solid due to
the absence of a C-ring in its molecule. Thus, our calculation
not only reproduces the experimental UPS spectra of both
TCNQ and TCNE but can also explain their relative coincidences
and differences. Our theoretical calculation of the density of states
agrees to a high extent with the experimental data for both solids.

IIL.3. The origin of the shake-ups

Bearing in mind the aforementioned DOS decomposition, it is
possible to describe the origin of the shake-ups. The shake-up
are peaks resulting from the electron’s loss of energy as it leaves
during the ionization process with associated promotion of
valence band electrons to either an excited state or continuum.
The shake-up, or shake-off, process involves a monopole transition,
the ion itself being a monopole. Thus, it must match the selection
rules for monopole transitions, which are: D; = 0, Dy = 0 and,
therefore, D; = 0 for the electron involved. This means that only a
change in n can occur in both shake-up or shake-off processes.
Furthermore, the highest shake-up and shake-off probabilities are
for valence electrons. Thus, in order to relate the origin of the
shake-ups, we have studied the partial atomic density contribution
to the total DOS (Fig. 7).

We have already seen that the XPS shake-up satellite has two
contributions (Fig. 3), which are placed at ~2.5 eV and ~3.4 eV
with respect to the main XPS peaks (also the highest binding
energy ones) in both C1s and N1s spectra. By comparing the
N1s and C1s satellite for the TCNQ film, it can be observed that
both are quite similar in shape but also in distance with respect
to only the C1s main peak component. Thus, although the C1s
XPS spectrum has two components, the observed shake-up
satellite seems to be associated only with the main one. That
means that the lower binding energy component, which we
have shown to be related to the C-ring, has no clear shake-up
signal associated with it. However, we cannot discard completely
its presence because this can be hidden in the C1s main peak
signal.

We have already shown that both components of the shake-up
satellite are related to the LUMO band because they disappear
when the LUMO band is partially occupied. It must be noted that
the LUMO band of the thick TCNQ film is very close to its Fermi
level, this fact being a clue for the apparition of shake-ups.

Using only the symmetry criteria for the monopole transition
(inversion center in LUMO, HOMO—1 and HOMO-2, long
molecular symmetry plane in LUMO, HOMO and HOMO-2
and short molecular symmetry plane in HOMO and HOMO-1),
only the HOMO—2 to LUMO monopole transition should be
allowed. However, some authors have shown in the literature
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that this rule is not preserved or can be broken for molecule cases.*
Thus, we are going to consider all these possible transitions in spite
of the symmetry transition rule. All the shown bands (HOMO-1,
HOMO-2, HOMO and LUMO) have a m,-character, thus the bond
character will be preserved in their transition. This is a minimal
requirement for the shake-up transitions.

Although both bands (HOMO and LUMO) have contributions
from all the TCNQ atoms, the C-cyano (type-1, pink line) has the
lowest contribution. Then, although the HOMO to LUMO transition
does not preserve the symmetry, it preserves the atomic spatial
localization. The calculated difference in energy between these two
bands is 1.8 eV, which is in very good agreement with the first
component of the shake-up satellite (2.5 €V).

The second shake-up component is at ~ 3.4 eV with respect
to the main XPS peak. This must also be related to an electron
transition toward the LUMO level because it also disappears
when substrate to TCNQ film doping occurs. The HOMO—1
band has a unique C-ring contribution (type-4 and green line)
and the HOMO—2 has mainly atomic contributions from the
C-bridge and N-cyano. The calculated energy difference is
3.0 eV between HOMO—1 to LUMO and 3.7 eV between HOMO—2
to LUMO. By comparing the experimental and theoretical spectra,
we can infer that both the HOMO—1 and HOMO—-2 bands
contribute in the second UPS peak (with respect to the Fermi
level) as in other theoretical calculations shown in the
literature.*> The experimental energy difference of this UPS
peak with the first inverse photoemission peak is ~3.4 eV
(see Fig. 5), which agrees with the second shake-up component.
Because the HOMO—1 band is only related to C-ring atoms, the
HOMO-1 to LUMO transition should appear as a shake-up
associated with the least intense and lower binding energy C1s
peak and not with respect to the main peak. No clear shake-up
intensity is observed at ~3.4 eV with respect to the C-ring XPS
peak. This may be due to the absence of this transition or
because its own XPS signal and shake-up intensity, which are
present in this region, make its observation difficult. The
calculated energy distance between HOMO-2 and LUMO
(3.7 eV) agrees well with the fitted second shake-up component,
and this transition preserves the symmetry and the atomic
spatial localization.

We have shown that the observed shake-up satellites come
from the HOMO to LUMO and HOMO-2 to LUMO transitions
and they are mainly associated with the C1s main peak, the
symmetry transition rule for the monopole transition not being
fulfilled. Other parameters must influence the shake-up appearance
rules. The spatial atomic localization and the preserving of the bond
character in the transition seem to be a rule that is fulfilled in our
case. The HOMO—1 to LUMO transition cannot be completely
discarded but it seems not to be present. In this case, this can be
due to the absence of an electron in the C-cyano and C-bridge atoms
in the HOMO—1 but that contributes largely in the LUMO. Thus, if
a Cring electron promotes to the LUMO level, the electron should
be localized in a band with contributions of almost all the TCNQ
molecule atoms, resulting in a loss of its spatial localization.

The presence of shake-up satellites in TCNE is therefore
justified because of the presence of a LUMO band very close to
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the Fermi level. Their lower intensity is related to a unique
transition from the HOMO (unique isolated peak below the
Fermi level in UPS) to the isolated LUMO level at just above the
Fermi level. The difference in this case should be ~3.0 eV.

V. Conclusions

We have performed a comparative study of the electronic
structure of TCNQ and TCNE. We have unequivocally assigned
the contribution of the C and N atoms of TCNQ and TCNE in
the XPS spectra. The N1s XPS core level is characterized by a
single peak, as it corresponds to a single N-atom chemical
environment in both solids. The C1s spectrum is more complex
as it corresponds to the presence of different chemical environ-
ments present in the molecules. Two contributions are needed
in the TCNE case and three for the TCNQ. In the TCNQ case, we
have shown that the C-ring contributes at lower binding energy
of the spectrum while the C-cyano and the C-bridge carbons
contribute to a single component at higher binding energy.

We have described the TCNQ and TCNE Density Of States.
The final experimental electronic structure agrees well with the
theoretical results. Furthermore, the energy alignment of the
TCNQ electronic structure at the TCNQ/Cu(001) interface has
been studied in detail. TCNQ is an insulator but it has an empty
electron band nearby the Fermi level. This fact means that the
TCNQ thin film accepts electrons from the metal substrate that
are injected into this empty band, becoming a Schottky n-junction.
This injecting ohmic junction can be used as a low resistance
stable contact in organic semiconductor devices as an interface
between the semiconductor and metal wires or control electrodes.

As a result of the aforementioned charge injection from the
substrate, there is a band bending at the interface. This result is
confirmed by the photoemission data (core levels and valence
band) and gave as result a deep understanding of the level
alignment at the interface with the copper substrate. The band
bending is observed in the C1s and N1s core levels as well as in
the UPS data for different coverages of TCNQ. From the core
levels, a band bending of 0.8 & 0.1 eV has been deduced. This
result is in agreement with the observed TCNQ feature shifts for
the UPS spectra of sub-monolayer coverage of TCNQ on Cu(001)
(1.1 eV). The interface region width can be estimated as 3.1 ML.
Moreover, a shift of the TCNQ LUMO position at the interface
has been observed, reducing the TCNQ band gap from 2.5 eV in
the bulk to 1.9 eV at the interface. Our theoretical calculations
are consistent with this band-gap reduction originated in the
charge injection in the LUMO at the interface.

The band structure is able to explain the electronic experi-
mental measurements. Thus, it is compatible with the UPS and
the inverse photoemission results. The theoretical calculations
allow us to know the contribution of the TCNQ atoms to the
different UPS features. This allows us both to perfectly describe
the difference in the UPS spectra between TCNQ and TCNE,
and to describe the origin of the shake-up signal measured in
the XPS spectra in both solids. In such a way, the contribution
of the different HOMO-LUMO transitions in the shake-up
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features has been analyzed in detail, for the TCNQ -case,
depending on the symmetry and local atomic density of state
of the involved states in the frame of the monopole transitions.
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