Substrate-independent energy-level pinning of an organic semiconductor
provides versatile hole-injection electrodes
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Tailor-made electrode work functions are indispensable to control energy-level offsets
at the interfaces of (opto-)electronic devices. We show by means of photoelectron
spectroscopy that several nm thick layers of the organic semiconductor
1,4,5,8,9,12-hexaaza-triphenylene-2,3,6,7,10,11-hexacarbonitrile ~ (HAT-CN)  on
virtually all substrates provide hole-injecting electrodes with work functions of around
5.60 eV. This substrate-independent energy-level alignment can be traced back to a
relatively large density of gap states in HAT-CN thin films, which, furthermore, make
the wide-gap semiconductor thin films sufficiently conductive for electrode
applications. Moreover, our study highlights a quite intriguing energy-level alignment
scenario as the Fermi-level in HAT-CN thin films is located far from mid-gap position,
which is rather uncommon for undoped organic semiconductor thin films.



Introduction

The performance of multilayer organic (opto-)electronic devices is controlled by their
ubiquitous interfaces. In particular, energy-level offsets determine the effectiveness of
charge generation and dissociation [1, 2, 3, 4, 5, 6]. Typical layer thicknesses in
devices are in the range of few nm up to several 100 nm [2, 7, 8] and, in general, the
energy-level alignment of such organic thin films with inorganic substrates is well
understood [9, 10, 11]. Figure 1a shows, as an example, measured organic thin film
work  function values of the often wused hole-transport material
N,N-bis(1-naphthyl)-N,N-diphenyl-1,1-biphenyl-4,4-diamine  (NPB) on various
substrates [12, 13, 14]. For substrate work function (®) values below 4.80 eV the
energy-level alignment is vacuum-level controlled and the thin film work function
depends linearly on ®. For larger substrate ®, the thin film work function becomes
independent of @, i.e., Fermi-level pinning takes place [12]. Remarkably, Fermi-level
pinning does not concur when ® and the ionization energy (IE) of NPB (5.35 eV) [12]
have the same value, but occurs already earlier. Consequently, the highest occupied
molecular orbital (HOMO) level of NPB is pinned at ca. 300 meV below the
Fermi-level (Er) (Figure 1b). This is related to energetic disorder in NPB thin films,
which leads to a broadening of the HOMO-related density of states (DOS). This
behavior of NPB is common for many organic semiconductors and in ultraviolet
photoelectron spectroscopy (UPS) spectra of pinned systems the leading edge of the
HOMO-derived peak can be usually found several hundred meV below the
Fermi-level [15, 9, 10, 16, 17]. The same mechanism applies to pinning at the lowest
unoccupied molecular orbital (LUMO) level above Er. However, because the electron
affinity (EA) of commonly used organic semiconductor thin films (e.g., 2.10 eV for
NPB [18]) is often much lower than ® of typical electrodes, pinning at the LUMO is
less frequently observed [19].

In contrast, thin films of some organic semiconductors do not follow this typical
energy-level alignment scheme, prominent examples are 2,3,5,6-tetrafluoro-7,7,8,8
tetracyanoquino-dimethane (F4-TCNQ) [20] and
3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) [21]. Thin films of these
materials show Fermi-level pinning for a very wide range of substrate ® (Figure 1).
For PTCDA this was recently related to substrate induced broadening of
energy-levels and/or gap states [21]. For similar systems, alternative mechanisms
have been proposed to explain the energy-level alignment, such as integer charge
transfer (ICT) induced states [15, 20] or induced density of interface states (IDIS) [22,
23, 24]. However, a general description of such substrate-independent pinning (SIP)
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is still missing, although SIP is beneficial for many electronic applications, because a
layer of a material showing SIP will exhibit the same work function on any substrate
and, thus, allows facile charge-injection barrier tuning of subsequently deposited
layers [25, 26, 27]. PTCDA has not found wide application for energy-level
engineering purposes as the substrate independent work function is around 4.60 eV
(Figure 1a) [21, 28], which is neither a particularly large nor low work function and,
thus, PTCDA thin films are neither superior for hole nor electron injection. F4-TCNQ
thin films have a rather high work function of around 5.55 eV (Figure 1a) [20] and
provide good hole-injecting electrodes. However, possible device application is
hampered by diffusion of F4-TCNQ, due to its relatively low molecular weight, through
organic layers [29, Fehler! Verweisquelle konnte nicht gefunden werden., 31, 32,
33]. It has been suggested that larger molecules like
1,4,5,8,9,12-hexaaza-triphenylene-2,3,6,7,10,11-hexacarbonitrile (HAT-CN), are less
prone to diffusion [29, 34, 35, 36]. Moreover, HAT-CN thin films provide a hole
injection electrode with a work function of around 5.50 eV [13, 37, 38, 39, 40] and are,
hence, frequently used in organic optoelectronic devices [39, 41, 42, 43, 44, 45, 46,
47]. HAT-CN can be easily processed by thermal evaporation at low temperature,
making it possible to replace commonly used hole injection materials like
molybdenum trioxide (MoQOs) [48, 49] or tungsten trioxide (WO3) [50]. HAT-CN thin
films have IEs of around 9.50 eV [38, 40, 51, 52, 53, 54, 55] and the transport gap is
4.20 eV [56].The Fermi-level of HAT-CN is typically pinned 0.50 eV below the LUMO
and, consistently with the bandgap, the HOMO lies about 4 eV from the Fermi-level
(Figure 1b). However, pinning was reported on substrates covering a narrow work
function range (between 3.50 eV and 4.60 eV) [37, 38, 39, 40], which does not allow
to unequivocally conclude whether HAT-CN thin films actually show SIP.

To address the question whether SIP is the mechanism leading to the high work
function of HAT-CN films, we employed UPS and X-ray photoelectron spectroscopy
(XPS) for HAT-CN on substrates covering a much wider ® range. For this purpose,
VO2x is very well suited, as its ® can be tuned from 4.40 eV to 6.70 eV by controlling
the density of oxygen vacancies [57]. To provide for more general insight, MoO3s with
a high work function of 7.00 eV [58, 59] was used and Au(111) served as a reference
substrate due to its moderate work function of 5.50 eV [60]. Our results show that
Er-pinning prevails even for substrate work function as high as 7.00 eV (Figure 1) and
HAT-CN thin films exhibit, indeed, SIP with ® of 5.60 + 0.15 eV. Notably, UPS reveals
the presence of gap states between the HOMO-level and the Fermi-level, which
explain the mechanism of SIP for HAT-CN on virtually any substrate.

Experimental Details



VO:2 substrates were fabricated by pulsed laser deposition (PLD) on sapphire [61].
The preparation steps of stoichiometric VO2 and oxygen deficient VO2x can be found
in our previous work [57]. MoOx was purchased from Strem Chemicals (purity of
99.5%) and thermally evaporated onto indium-tin-oxide (ITO, nominal thickness: 200
A). The Au(111) substrate was cleaned by series of annealing (at 650 K) and Ar* ion
bombardment. Unless noted otherwise, experiments were performed with HAT-CN,
which was purchased from Aladdin with a purity of 99% (HPLC). HAT-CN molecules
were thermally deposited inside an ultra-high vacuum (UHV) chamber with a base
pressure of 2 x 10" mbar. The nominal mass thickness was monitored by a quartz
crystal microbalance. For PES measurements the samples were transferred to an
analysis chamber (base pressure: 1 x 10-'° mbar) without breaking UHV conditions.
UPS measurements were performed using the monochromatized He lq line (21.22 eV)
and XPS measurements with monochromatized Al Ka radiation (1486.7 eV). All
measurements were conducted at room temperature (295 K). The energy scale in the
plots of the secondary electron regions is corrected by the applied bias voltage and
the analyzer work function. Thus, the position of the secondary electron cutoff (SECO)
corresponds to the thin film work function. The deconvolution of core level spectra is
conducted using Voigt peaks and a Shirley background. The C1s and N1s relative
sensitivity factors were applied to calculate the relative atomic ratios [62].

Results and Discussion

The VO2 and VO2x substrates have work function values of 6.72 eV and 4.59 eV,
respectively (Figure 2). Besides this difference, the substrates only differ in the
density of oxygen vacancies, which induces variation in the valence electronic
structure [57]. Figure 2 shows UPS and XPS spectra of the bare substrates and with
HAT-CN layers with nominal thicknesses of 8 A and 128 A; spectra with intermediate
HAT-CN thicknesses can be found in the Supporting Information (Figure S2 and S3).
Strikingly, for multilayer HAT-CN coverage (nominally 128 A), besides minor shifts
(less than 0.21 eV) in absolute binding energy (BE) of the core- and HOMO-levels,
the spectra are virtually identical albeit the initial substrate work function differs by
2.13 eV, and it is lower (VO2x) and higher (VO2) than the common work function of
HAT-CN thin films.

Deposition of a nominal 8 A thick HAT-CN film on low ® VO2« increases the work
function to 5.60 eV and then decreases slightly by 0.25 eV for 128 A (Figure 2¢ and
Figure S4a). The initial increase of the work function can be ascribed to an electron
transfer (CT) from VOz2x to HAT-CN, as the HAT-CN EA of 5.40 eV (as measured by
inverse photoemission) [39] is higher than ® of VO2x. Thus, in case of vacuum-level
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alignment, the LUMO-level of HAT-CN would be found below Er, which corresponds
to an electronic non-equilibrium situation. Through CT, the LUMO of HAT-CN
becomes occupied and the resulting interface dipole leads to the increase of the work
function. Unfortunately, the partially filed LUMO near the Fermi level cannot be
clearly distinguished in the UPS spectra due to the overlap with the valence bands of
the VO2x substrate, but it has already been reported previously for other
HAT-CN/substrate interfaces [56]. The mentioned small, yet important, lowering of the
work function for multilayer coverage is discussed further below. The valence spectra
of multilayer HAT-CN on VO2-x (Figure 2b) are virtually identical to those in multilayers
on other substrates [13, 37, 40]. In particular, the IE (9.65 eV), as determined by the
work function and the low BE onset of the HOMO-derived peak, matches previously
reported values between 9.5 eV to 9.8 eV [56, 63, 64, 40]. In the C1s XPS spectra
(Figure 2d) the chemical shift between carbon atoms in an aromatic environment (CN)
and those in the cyano groups (C=N) is apparent. For multilayer coverage, they are
centered at 287.20 eV BE and 287.80 eV BE, respectively. At 8 A nominal thickness
two additional peaks on the low BE side are necessary to fit the spectra. These
features are assigned to negatively charged HAT-CN [13, 40] and they are dominated
by the signal from the cyano groups, which accommodate more electron density due
to CT. The N1s peaks also show CT features for 8 A HAT-CN thickness (Figure 2e),
and for thicknesses of 32 A or higher only the neutral species are present (Figure S3
in Supporting Information). Overall, the presence of charged molecules at the
interface of HAT-CN and VO2x is in line with previous reports of HAT-CN on other low
work function substrates [13, 37, 40].

Deposition of 8 A HAT-CN on high ® VO2 decreases the work function to 6.00 eV and
® decreases further to 5.83 eV for a thickness of 128 A (Figure 2c). Assuming
vacuum-level alignment would occur, the Fermi-level would come to lie well within the
gap of HAT-CN, which would correspond to an electronic equilibrium situation and no
CT (and no change of @) should occur. Therefore, the ® change (and associated CT)
must have a different origin than what we concluded on for HAT-CN on low ® VOz2-x.
Similarly, no CT features can be observed in XPS (Figure 2d and 2e). A part of the
initial work-function change could be related to the electronic push-back effect, which
usually takes place upon molecular deposition on clean metal surfaces [65, 66, 67]
and conductive oxides like indium-tin-oxide [68]. However, the push-back effect will
only result in an abrupt interface dipole, i.e., no further ® change after monolayer
formation. In contrast, both an initial rapid change of the work function (0.89 eV) as
well as a continuous shift of the HOMO-level and core-levels (0.78 eV) with
increasing HAT-CN coverage on VO2 is observed (Figure S2, S3 and S4 in
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Supporting Information) [69, 70]. The latter is a tell-tale sign of energy-level bending
[1, 71] and is indicative of SIP. Note that the difference between the ® change (Ao
=0.89 eV) and HOMO- and core-level shift (Acore =0.78 €V) is, due to the interface
dipole because of the push-back effect.

To summarize these two experiments, the energy-level alignment of HAT-CN on low
® VO2x can unambiguously be explained with Er-pinning due to electron transfer
from the valence bands of VO2x to the HAT-CN LUMO, to reach electronic equilibrium.
However, the downward energy-level bending of HAT-CN on high ® VO2 cannot be
simply explained by invoking electron transfer from HAT-CN HOMO to the conduction
band minimum (CBM) of VO2 because the HOMO of HAT-CN lies much deeper than
the CBM of VOa2. Thus, the induced downward energy-level bending on high ® VO
and suspected SIP must originate from another CT pathway, whose origin is
elucidated in the following.

To substantiate that SIP occurs for HAT-CN thin films, we used another high ®
substrate, namely MoOx. The low DOS of MoOx between Er and 3 eV BE (Figure 3a)
makes it furthermore possible to track fine features in the region between the HAT-CN
HOMO-onset (at 2.45 eV BE, for nominal HAT-CN thicknesses of 2 A up to 32 A) and
the Fermi-level, also for low coverages. Strikingly, after deposition of 8 A HAT-CN on
MoOx, a relatively large DOS (with a maximum around 1.00 eV BE) is observed in the
energy gap of HAT-CN, which ranges from the Fermi-level to the HOMO-onset. By
increasing the HAT-CN thickness to 192 A, the HOMO and the gap states shift to
higher BE and stay at constant BE for thicknesses up to 320 A. Concomitantly,
starting with a MoOx ® of 7.00 eV (Figure 3b), the work function is found to decrease
to 6.67 eV for a HAT-CN thickness of 32 A, and a further decrease to 5.70 eV is
observed for thicknesses of 192 A and beyond. The C1s spectra of HAT-CN on MoOx
(Figure S5a) show the usual double-peak structure as on the other substrates, and for
low coverages no additional peaks are apparent. The overall C1s shift amounts to
1.25 eV, which is similar to the overall ® change (1.40 eV). These observations point
to a small interface dipole (~0.15 eV) and substantial energy-level bending (~1.25 eV)
upon multilayer formation of HAT-CN on MoOx (Figure S5 and S6 in the Supporting
Information).

The energy-level bending within the HAT-CN layer on MoOx can be readily explained
by CT from these gap states [10]. Most importantly, the gap states are also clearly
visible for multilayer coverage, i.e., they are not interface states. Moreover, they are
visible on all substrates, as a close inspection of the log-scale plotted valence
electron region of multilayer HAT-CN on all four substrates (Figure 3c) reveals their

presence at ca. 3.00 eV and 1.50 eV BE. Moreover, the tail of the low BE peak
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(centered at ca. 1.50 eV) extends down to 0.90 eV BE (most pronounced on MoOx).
Importantly, while the details of the DOS show slight differences, the large density of
gap states in the bulk organic thin films can readily explain the occurrence of the SIP.
The measurements on the high work function substrates and on Au(111) (Figure S7 in
Supporting Information) confirm SIP of HAT-CN, and in all cases the work function
approaches ~5.60 eV for multilayer films (Figure 1). The same holds for thin films
prepared with HAT-CN powder from a different supplier (Figure S8). The gap states
are also clearly visible in these spectra and their appearance does, thus, not possibly
stem from a defective batch of molecules.

The mechanisms of SIP are visualized in the energy-level diagrams of HAT-CN on
VO2x, on VO2, and on MoOx (Figure 4), where it becomes clear that the CT
mechanisms are fundamentally different for low ® and high ® substrates. As
discussed above, on low ® VO2x (Figure 4a), electrons transfer from the valence
bands of VO2x to the LUMO of HAT-CN to achieve electronic equilibrium, resulting in
the formation of a predominant interface dipole (1.09 eV). This represents “regular”
Fermi-level pinning, similar to other high EA organic molecules on low ® substrates [9,
10, 11]. Most notably, after this increase of the work function (due to CT) on low ®
VO2«, the energy levels bend downwards, although the LUMO level is already much
closer to Er than the HOMO level. This is interpreted as a result of the competing CT
mechanism from the gap states of HAT-CN to the conduction band of VO2«, leading
to SIP. On high ® VO:2 (Figure 4b) and MoOx (Figure 4c), electron transfer from the
HOMO of HAT-CN to the CBM of VO2 or MoOx can be dismissed on common
grounds. The appropriate manner to account for the energy level alignment is that of
an electron transfer from the occupied density of gap states to the CBM of VO:2 or
MoOx. Thus, we infer that the SIP of HAT-CN on high ® substrates is caused by the
proximity in energy between these gap states and the HAT-CN LUMO, resulting in
almost constant HAT-CN multilayer ® of around 5.60 eV, with only small sample- and
substrate-dependent variations. Therefore, it follows that HAT-CN, which is
commonly regarded as a strong electron acceptor due to its high EA, is also able to
donate electrons to high ® substrates due to the presence of a significant occupied
gap state density.

Conclusion

Our work provides evidence for substrate-independent pinning of HAT-CN thin films.
The work function of these thin films is ca. 5.60 eV and they provide robust functional

hole-injection layers for (opto-)electronic applications. The peculiar energy-level
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alignment of HAT-CN thin films can be explained by the proximity in energy between
the LUMO and a large density of occupied gap states which also prevails for
multilayer coverage. The gap states are found almost independent of the provider of
the HAT-CN powder and are, most likely, related to inherent chemical defects, whose
origin should be unraveled in further studies. In any case, the predictable behavior of
HAT-CN on a variety of substrates appears as a key advantage for turning low ©®
substrates into hole injecting electrodes, but also to act as a protective buffer layer
with constant work function for sensitive substrates, exemplified here with VO2x,
which exhibits tremendous change in work function by only slight changes in surface
composition.
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Figure 1 a) Thin film work function values and b) thin film HOMO-levels below the
Fermi-level (Er) of common organic semiconductors as function of substrate work
function. The values for NPB (black diamonds), F4-TCNQ (blue triangles), and
PTCDA (navy circles are taken from literature [12, 20, 21]. The values of HAT-CN (red
empty hexagons) are taken from literature [37, 38, 39, 40] and our own work (red
crosses). Dash lines serve as guides to the eye.
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Figure 2 The chemical structure of HAT-CN (a) shows color coded atom species: The
nitrogen and carbon atoms in the cyano group C=N are colored in violet and green,
respectively. The nitrogen and carbon atoms in aromatic ring are colored in red and
orange, respectively. Valence band (b) and SECO (c) region of UPS spectra of VO2x
and VO2 substrates and HAT-CN thin films with nominal thicknesses of 8 A (mono)
and 128 A (multi). XPS spectra of C1s core level (d) and N1s core level (e) of
HAT-CN thin films. The same color code as in (a) applies for the fits of XPS.
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Figure 3 (a) Valence band spectra and (b) SECO region of HAT-CN thin films with
increasing nominal thickness (8) on MoOx. (c) UPS data of HAT-CN in multilayers on
all substrates (nominal thicknesses: 128 A on VO2 and VOz.x, 256 A on Au(111) and
320 A on MoOy) .
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Figure 4 Energy level diagrams of HAT-CN/VO2x (a), HAT-CN/VO2 (b) and
HAT-CN/MoOx (c) based on UPS and XPS of this work and the transport gap of
HAT-CN (4.24 eV, obtained by IPES [56]). The values for the HOMO-levels are taken
from the onsets of the HOMO-derived UPS-peaks for multilayer coverage. The
magnitude of the energy-level bending is estimated by the shift of the C1s core-level
between nominal HAT-CN thicknesses of 4 A and 128 A (320 A on MoOx). The gap
states for thin HAT-CN coverages could be only observed on MoOx. However, it is
expected that they also exist for ultrathin HAT-CN thin films on VO2xand VOzq, but are
masked by the dominating photoemission intensity of the substrates.

19



T 1
%

—

VO, , HAT-CN

20

6.7 eV
5.5eV €

A

VO, HAT-CN



Supporting Information

21



VO: and VO, substrates

(a) (b)
O2pc O2pm

)
c
3
— g
o) &
5 2z
£ 2
@ L
- [=
= =
g Vad,, ﬁ
| — V0, g
—VO,, o

Z 1 1 s ] L | L 1

109 87 6543210 45678 535 530 525 520 515 510

Binding Energy (eV) Kinetic Energy (eV) Binding Energy (eV)

Figure S1 (a) Valence band, (b) SECO and (c) core level regions of VO2 and VO2x
substrates as prepared. In the valence band region of VO2.x components derived from
bonding O 2p o orbitals and from V 3d orbitals are apparent. For VOz2, there is an
additional peak due to emission from non-bonding O 2p T orbitals. The core level
region is normalized by using V 2ps2 as standard reference.
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Figure S2 (a) Valence band evolution and SECO evolution by incremental deposition
of HAT-CN on VO2x (a, b) and VO2 (c, d).
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Figure S3 Deconvolution of C1s and N1s emission features of HAT-CN on VO2« (a, b)
and VO2 (c, d) upon HAT-CN deposition. Carbon atoms in the cyanine groups and in
an aromatic environment are colored in olive and orange, respectively, nitrogen
atoms in the cyanine groups and in an aromatic environment are colored in blue and
red, respectively. The interfacial emission features at low BE sides for both C1s and
N1s spectra of HAT-CN on VO2x (a, b) are shown in light colors, while there are no
visible interfacial species observed for HAT-CN on VO: (c, d) . The dashed lines in
colors are the guides to eye calibrating the corresponding colored components.
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Figure S4 The positions of ® and core-level BEs for all measured HAT-CN
thicknesses on both (a) VO2x and (b) VO2 are summarized. The change of work
function upon HAT-CN deposition is represented in grey diamonds, the carbon and
nitrogen components observed in XPS are represented in colored circles and
triangles.
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Figure S5 Deconvolution of C1s XPS emission features of HAT-CN/MoOx (a).
Carbon atoms in the cyanine groups and in an aromatic environment are colored in
olive and orange, respectively. The positions of ® and C1s core-level BEs for all
measured HATCN thicknesses on MoO3s are summarized in (b); N1s and Mo2ps2
core level evolution (c).
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Figure S6 O1s core level evolution (a) and Mo3d core level evolution (b) upon
HAT-CN deposition on MoOx. The results illustrate that the X-ray emission features
generated from MoOx substrate are fully covered when the HAT-CN molecular bulk is
formed as there is no more substrate signals after 192 A HAT-CN are deposited on
top.
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Figure S7 Valence band evolution (a) and SECO evolution (b) upon 256 A of HAT-CN
on Au(111) at normal emission angle.
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Figure S8 UPS valence electron region (a) and secondary electron cutoff region (b)
of HAT-CN thin films on ITO (nominal thickness: 35 nm) with HAT-CN from different
suppliers and with different purity (Aladdin 99% and Lumtec 99.5%).
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