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ABSTRACT: We used aromatic phosphonates with substituted phenyl
rings with different molecular dipole moments to form self-assembled
monolayers (SAMs) on the Zn-terminated ZnO(0001) surface in order to
engineer the energy-level alignment at hybrid inorganic/organic semi-
conductor interfaces, with an oligophenylene as organic component. The
work function of ZnO was tuned over a wide range of more than 1.7 eV by
different SAMs. The difference in the morphology and polarity of the SAM-
modified ZnO surfaces led to different oligophenylene orientation, which
resulted in an orientation-dependent ionization energy that varied by 0.7 eV.
The interplay of SAM-induced work function modification and oligophe-
nylene orientation changes allowed tuning of the offsets between the
molecular frontier energy levels and the semiconductor band edges over a
wide range. Our results demonstrate the versatile use of appropriate SAMs to tune the energy levels of ZnO-based hybrid
semiconductor heterojunctions, which is important to optimize its function, e.g., targeting either interfacial energy- or charge-
transfer.
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1. INTRODUCTION

Engineering the energy-level alignment between inorganic and
organic semiconductors is a key step for optimizing (opto-)
electronic properties and device performance of hybrid
heterojunctions, e.g., for energy-transfer or charge-injection at
the inorganic/organic interface. The parameters of interest for
controlling the charge-injection barriers are essentially the work
function Φ and the valence band maximum (VBM) of the
inorganic semiconductor, and the energy of the highest occupied
molecular orbital (HOMO) level and lowest unoccupied
molecular orbital (LUMO) level, respectively, of the organic
semiconductor.1−3 In the past few decades, alignment of these
energy levels relative to each other has commonly been estimated
by considering inorganic/organic semiconductor pairs with their
individual energy spectrum, i.e., using separately determined
values for the work functionΦ of the inorganic material as well as
the ionization energy (IE) and electron affinity (EA) of the
organic material (vacuum level alignment). However, an accurate
prediction of the energy-level alignment is hampered by the fact
that thematerial parameters IE and EA of the individual molecule
cannot be used as references, since these quantities are
substantially affected by specific physicochemical interfacial
phenomena, such as intermolecular and molecule−substrate
interactions occurring at such hybrid interfaces.4−6 Therefore,
every specific material combination for a layered hybrid system

has to be carefully investigated, and the above-mentioned
interactions have to be elucidated.
Our approach of energy-level engineering is based on tailoring

the ZnO work function via wet-chemical deposition of self-
assembled monolayers (SAMs)7−14 comprising aromatic
phosphonates with varying molecular dipole moments; the
energy levels of a subsequently deposited organic semiconductor
are then realigned to the modified work function. The SAM
molecules used here consist of a phosphonic acid (PA) anchoring
group and a (pyrimidin-2-yl) methyl (PyPA), a phenyl (PhPA),
and a p-trifluoromethylphenyl (pCF3PhPA) substituent (for
chemical structures see Figure 1), i.e., a conjugated moiety with
different linkage to the PA anchoring group and varying
molecular dipole moment, which allowed changing the work
functionΦ of ZnO between 2.95 and 4.85 eV. Next, an overlayer
consisting of the vacuum-processable ladder-type oligopheny-
lene (L4P-sp3, for chemical structure see Figure 1) was formed
by vacuum sublimation and the energy-level alignment studied as
a function of the initial SAM-modified ZnO work function. L4P-
sp3 was chosen as it was optimized with respect to energy-
transfer with ZnO, featuring narrow transitions with high
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oscillator strength in lowest energy transition, small emission−
absorption Stokes shift, and an optical gap that corresponds well
with that of ZnO.15−20

The layered hybrid systems were investigated with synchro-
tron-based photoelectron spectroscopy (PES): the binding
scheme of the phosphonates to ZnO was examined by X-ray
photoemission spectroscopy (XPS) and detailed O 1s core level
analysis, whereas the energy-level alignment was characterized by
ultraviolet photoemission spectroscopy (UPS). With the
comprehensive characterization we rationalize the observed
work function changes and the overlayer electronic structure on
the SAM-modified ZnO surfaces, which will aid the future design
of improved molecules for SAM-modification of inorganic/
organic semiconductor interfaces.

2. MATERIALS AND METHODS
Single-crystal ZnO(0001)−Zn substrates (CrysTec, Germany) were
annealed in a tube furnace (Gero, SR 40−200) under ambient
atmosphere at 1000 °C for 2 h (heating rate ∼40 K/min, cooling
down ∼3 h) to obtain extended and atomically flat crystal terraces.13,21

Initially, the ZnO substrates were placed in a quartz glass combustion
vessel covered by a planar ZnO sputtering target (99.99% purity).
However, the surfaces annealed with sputtering target were less flat
compared to the surfaces annealed without sputtering target, as
measured by atomic force microscopy;13 consequently, the samples
employed in this study were annealed without a covering ZnO
sputtering target. The Zn 2p/O 1s ratio (calculated from our surface-
sensitive XPSmeasurements) of the annealed ZnO surfaces resulted in a
value of ∼1, indicating the presence of stoichiometric surfaces.
Figure 1 shows the molecular structure of the aromatic PAs used for

surface modification (Figure 1a−c), as well as the oligophenylene
consisting of a three spiro-bridged ladder-type quarterphenyl (L4P-sp3,
see Figure 1d), which was subsequently deposited as overlayer.
(Pyrimidin-2-yl) methyl-phosphonic acid (PyPA, see Figure 1 a) was
synthesized as described by Lange et al.14 and has a methylene group
(alkyl spacer) between the PA anchoring group and the pyrimidine
phenyl ring. Phenyl-phosphonic acid (PhPA, see Figure 1b) and p-
(trifluoromethyl)phenyl-phosphonic acid (pCF3PhPA, see Figure 1c)
were obtained from Aculon, Inc. and used as received. In the latter two

cases, the substituted phenyl ring is directly linked to the PA anchoring
group.

Well-ordered and uniform SAMs on ZnO were prepared via three
preparation cycles,13 each of which consists of the following steps: (a)
immersion of the substrates in a 1 mM tetrahydrofuran (THF,
anhydrous) solution of the corresponding PA for 2 h; (b) annealing
on a hot plate under ambient atmosphere at 140 °C for 1/2 h; (c)
sonication in THF for 20 min.

Improved lateral homogeneity of the SAMs due to the three applied
cycles of immersion, annealing, and sonication was previously confirmed
by XPS core level spectra,13 which were recorded at different positions
across the SAM-modified sample surface.

L4P-sp3 was sublimed under UHV conditions from a resistively
heated quartz crucible. The molecular flux was monitored with a quartz
crystal microbalance and was set to a deposition rate equivalent to a
nominal 1 Å filmmass-thickness per minute, using a density of 1.6 g/cm3

and assuming the same sticking coefficient on the Au-coated quartz of
the microbalance and the (unmodified and SAM-modified) ZnO
surfaces.

Photoemission studies were performed at the PM4 beamline, SurICat
experimental station, of the BESSY II synchrotron radiation facility
(Berlin, Germany) with a base pressure of 2 × 10−10 mbar.
Photoemission data were recorded using a Scienta SES 100 hemi-
spherical electron energy analyzer with an energy resolution of 120 meV
in normal emission geometry. A photon energy of 35 eV was selected for
the secondary electron cutoff (SECO) and valence energy region UPS
spectra. For the determination of the work function, the SECO spectra
were measured with the sample biased at −10 V to clear the analyzer
work function.

Photon energies of 244, 385, 505, 636, and 844 eV were used for the
Zn 3s and P 2p, C 1s, N 1s, O 1s, and F 1s core levels, respectively. In this
way, the kinetic energy of the emitted photoelectrons was kept at ∼100
eV for each chemical species to probe similar sample depths with high
surface sensitivity. Photon fluxes were minimized by inserting a metal
filter in the beam path to avoid possible radiation damage of the
molecules during beam exposure13 and to avoid surface photovoltage
shifts.22,23 To investigate the stability of the phosphonate molecules, the
C 1s, F 1s/N 1 s, as well as Zn 3s and P 2p core level regions of each
SAM-modified ZnO surface were carefully checked (see Figures S1 and
S2, Supporting Information). Since the Zn 3s peak is very close to the P
2p peak (∼7 eV different binding energy), the Zn 3s and P 2p region was
additionally recorded at 844 (i.e., kinetic energy of 700 eV). This
allowed us to investigate depth-dependent trends and to identify
possible effects due to surface band bending (in ZnO). The XPS core
level fitting was performed by Voigt line shape deconvolution after the
background subtraction of a Shirley function.

3. RESULTS

3.1. Binding of Phosphonates to ZnO. The ability to
reliably tune the work function of the ZnO surface with
phosphonate SAMs and to have stable interfaces requires
substantiation by a detailed characterization of their binding to
ZnO. Similar to our previous study,13 the binding modes of the
phosphonate anchoring group to the ZnO surface were
elucidated by a thorough analysis of the O 1s core level and its
chemical components before and after surface modification (see
Figure 2). The annealed (unmodified) ZnO surface (Figure 2a)
exhibits a main peak at 531.2 eV binding energy (BE) stemming
from bulk oxygen as well as a high BE shoulder at 532.6 eV
stemming mainly from surface hydroxyl (−OH) groups.24 These
findings are in good agreement with our previously obtained
results for the unmodified ZnO surface, which was annealed
under similar conditions.13

After surface modification (Figure 2b−d), the two initial
components (bulk oxygen and surface−OH) are markedly
decreased. Furthermore, the O 1s spectrum of each SAM-
modified ZnO surface can be fitted with three additional

Figure 1. (a−c) Molecular structure of the phosphonic acids used for
modification of the ZnO surfaces: (a) (pyrimidin-2-yl) methyl-
phosphonic acid (PyPA), (b) phenyl-phosphonic acid (PhPA), (c) p-
(trifluoromethyl)phenyl-phosphonic acid (pCF3PhPA). (d) Structure
of the spiro-bridged ladder-type quarterphenyl (L4P-sp3), which was
deposited as thin overlayer onto the SAM-modified ZnO surfaces.
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components, which were previously assigned on the basis of their
binding energy shifts (with respect to the bulk oxygen) to two
different PA binding modes,13,25 i.e., bidentate and tridentate
binding (red and blue components in Figure 2b−d). Table 1
summarizes the binding energies of the O 1s core levels for the
three SAM-modified ZnO surfaces.
As previously found for the pCF3PhPA-modified ZnO

surface,13 PyPA and PhPA also adsorb on ZnO via a mixture of
bidentate and tridentate binding configurations (Figure 2b,c).
Furthermore, the O 1s core level analysis of the pCF3PhPA-
modified ZnO surface in Figure 2d confirms our previous
findings.13 The fraction of bidentate to tridentate binding is

similar in all three cases. Assuming the same number of binding
sites theoretically available on the ZnO surface,13 a similar
fraction of bidentate to tridentate binding in the present study
points to a similar surface coverage on ZnO for the three
aromatic phosphonates (i.e., on the order of 4 molecules/nm2, as
discussed in ref 13). However, a slightly higher coverage for
PhPA is indicated by the higher attenuation of the ZnO related
feature in XPS in Figure 2c.

3.2. Electronic Structure of L4P-sp3/PA-Modified ZnO
Interfaces. In the present study, each individual ZnO surface
was initially characterized before surface modification (black
curves in Figures 3−5). The work function Φ of the unmodified
ZnO surface (derived from the SECO) was found to be in the
range Φ = 3.65−3.80 eV. In the following, changes of the work
function ΔΦ after surface modification are referred to the
corresponding pristine ZnO surface. The onsets of the valence
band maximum (VBM) of the unmodified/SAM-modified ZnO
surfaces, and the HOMO level of L4P-sp3, respectively, are
found by linear extrapolation of the leading edge to zero intensity
(see black arrows in Figures 3d−5d). The BE of the VBM for
unmodified ZnO surfaces was in the range 3.25−3.35 eV. For
comparison, the data shown as dashed gray lines in Figures 3−5
correspond to a nominal coverage of 50 Å (thick layer) L4P-sp3
deposited onto an unmodified ZnO surface; this thick layer of
L4P-sp3 serves as a reference for the work function (ΦL4P‑sp3 =
3.60 eV) and the typical valence structure of a L4P-sp3 bulk
material (with the onset of the HOMO at 2.05 eV BE).
As can be seen for the PyPA-modified ZnO surface (red line in

Figure 3a), the work function is lowered by ΔΦ = −0.7 eV
relative to the unmodified ZnO surface. After deposition of
nominal coverage of 5 Å L4P-sp3 (blue line in Figure 3a), the
work function increases (by 0.4 eV), and remains nearly constant
at 3.3 eV throughout further deposition of L4P-sp3 (green and
orange lines in Figure 3a). This work function increase is a
consequence of Fermi-level pinning at the lowest unoccupied
density of states of the L4P-sp3 layer, which leads to electron
transfer to the overlayer and thus the Φ increase.20

Figure 3b−d shows spectra of the valence region of the
unmodified, PyPA-modified, and L4P-sp3/PyPA-modified ZnO
surface (with increasing L4P-sp3 coverage), respectively. The
extended valence region spectrum of the PyPA-modified ZnO
surface (red line in Figure 3b) is characterized by two relatively
broad emission bands, which are labeled as A′ and B′ in Figure 3b
and are located at 6.45 and 10.60 eV BE, respectively. The
valence region UPS spectrum after deposition of a 5 and 12 Å
L4P-sp3 overlayer (blue and green line in Figure 3b,
respectively) clearly exhibits additional features. For a better
insight into the structure of the frontier orbital levels, Figure 3c
displays a zoom of the valence region close to the Fermi level EF.
As is obvious by comparison with the valence structure of the

Figure 2. O 1s core level spectra (background subtracted) of the (a)
unmodified and (b) PyPA-, (c) PhPA-, and (d) pCF3PhPA-modified
ZnO surface.

Table 1. Binding Energy and Full Width at Half Maximum
(FWHM) of the Surface Components As Calculated from O
1s Core Level Analysis of the SAM-Modified ZnO Surfaces
(Spectra in Figure 2)

binding energy (eV)

sample ZnO
surface
−OH

tridentate
binding

bidentate
binding

bidentate
binding
(−OH)

ZnO+ PhPA 531.1 532.6 532.0 533.3 534.2
ZnO +
pCF3PhPA

531.1 532.6 532.0 533.3 534.2

ZnO + PyPA 531.1 532.6 532.0 533.3 534.2
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thick L4P-sp3 layer (dashed gray line in Figure 3b−d), those new
features can be clearly attributed to the L4P-sp3 molecule. With
the subsequent zoom in Figure 3d, it becomes obvious that
surface modification shifts the VBM only very slightly (e.g., by
+0.2 eV in the case of PyPAmodification). After deposition of a 5
Å L4P-sp3 overlayer (blue line in Figure 3d), the onset arising
from the HOMO of L4P-sp3 is found at 2.2 eV BE. With
increasing deposition of L4P-sp3, the HOMO onset slightly
shifts to lower BE (2.00 eV) approaching the value of the bulk
material, i.e., 2.05 eV.
In contrast, surface modification of ZnO with PhPA (red line

in Figure 4a) shifts the SECO only slightly and yields a similar
work function as that of the unmodified substrate (ΔΦ = +0.05
eV, Φ = 3.75 eV). After deposition of a 5 and 12 Å L4P-sp3
overlayer, respectively, the work function of the hybrid system
(L4P-sp3/PhPA-modified ZnO surface) is constant within 50
meV.
The extended valence region UPS spectrum of the PhPA-

modified ZnO surface (red line in Figure 4b) shows a similar
intensity ratio between the two features labeled as A and C in
Figure 4b as compared to the ratio of the same features before
surfacemodification. In addition, after surface modification a new
emission band labeled as B at 9.6 eV BE is clearly visible.
Subsequent deposition of a L4P-sp3 overlayer (blue and green
line in Figure 4c) gradually changes the valence structure
indicating an overlap of residual emission from the PhPA-
modified ZnO surface with those from L4P-sp3. After deposition
of 12 Å L4P-sp3 (green line in Figure 4b) the valence structure

already resembles that of the of the thick L4P-sp3 layer with the
HOMO onset at 1.95 eV (green line in Figure 4d).
Different from the PyPA- and PhPA-modified ZnO surfaces,

the work function of the pCF3PhPA-modified ZnO surface (red
line in Figure 5a) is significantly increased (ΔΦ = +1.05 eV,Φ =
4.85 eV) with respect to the unmodified substrate. The increase
of the work function is in good agreement with our previous
studies of the pCF3PhPA-modified ZnO surface.13 As in the cases
before (see Figures 3a and 4a), the work function is not markedly
affected by subsequent deposition of a (5 and 12 Å) L4P-sp3
overlayer (blue and green in Figure 5a). Even after deposition of
a nominal thickness of 20 Å (orange in Figure 5a), the work
function of the L4P-sp3/pCF3PhPA-modified ZnO surface
remains 0.9 eV higher with respect to the unmodified substrate.
Figure 5b−d shows valence spectra of the unmodified,

pCF3PhPA-modified, and L4P-sp3/pCF3PhPA-modified ZnO
surface. Photoemission bands labeled as A−D in Figure 5b are
clearly detectable for the pCF3PhPA modification of ZnO
surface. By comparison with our previous density functional
theory (DFT) calculations,13 we could assign these features A−D
to a superposition of pCF3PhPA molecular levels and emission
from ZnO. It is noteworthy that, in the case of the pCF3PhPA-
modified ZnO surface, the deposition of L4P-sp3 leads mainly to
a “smearing out” of these features A−D, and no clear features
characteristic for L4P-sp3 can be identified in Figure 5b.
However, in the zoom shown in Figure 5c,d, at least the frontier
level structure of L4P-sp3 with the onset of the HOMO at 1.20
eV becomes visible. Here, the value of the HOMO onset BE is

Figure 3. (a) SECO and (b−d) valence band region UPS spectra of the unmodified, PyPA-modified, and L4P-sp3/PyPA-modified ZnO surface (with
increasing L4P-sp3 coverage) as indicated in the figure. (b) Extended region of the valence band spectra, and (c, d) subsequent zooms into the near EF
region.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01669
ACS Appl. Mater. Interfaces 2015, 7, 11900−11907

11903

http://dx.doi.org/10.1021/acsami.5b01669


significantly lower than that of the L4P-sp3 bulk material (BE =
2.05 eV).

4. DISCUSSION

After surface modification, both the VBM position for the SAM-
modified ZnO surface and shifts of ZnO-derived core levels must
be accounted for to differentiate between the contribution of
changed (surface) band bending within ZnO to the total work
function changeΔΦ and that of the phosphonates’ dipole. As can
be seen in Figures S2 and S3 (Supporting Information), the Zn
3s peak of all SAM-modified ZnO surfaces, and the pristine one,
was constant at ∼140 eV BE, independent of the photon energy
used in the present study (i.e., 244 and 844 eV). Therefore, any
change in ZnO band bending by surface modification is
negligible, i.e., ΔΦ only results from the molecular dipoles
induced by the adsorption of the phosphonates onto the ZnO
surfaces. Previous studies also report only very small changes in
band bending (<100 meV) for phenyl-phosphonates on ZnO,26

and no band bending in p-sexiphenyl (6P)/ZnO(0001) hybrid
structures.6 Figure 6a−c schematically shows the interfacial
energy-level diagrams of the unmodified and the corresponding
SAM-modified ZnO surfaces, as well as the L4P-sp3/SAM-
modified ZnO hybrid structures, as derived from our UPS
measurements. In addition, Figure 6d displays the bulk electronic
properties of L4P-sp3 (50 Å thick layer on unmodified ZnO
surface). The ionization energy IE of the bare L4P-sp3 molecule,
measured as the difference between the HOMO onset and the
vacuum level Evac, amounts to 5.65 eV.
In the present study, the work function change induced by

SAM surface modification ranges from ΔΦ = −0.7 eV (PyPA-

modified ZnO) to ΔΦ = +1.05 eV (pCF3PhPA-modified ZnO).
This range of work function change is comparable with previous
reports14 using related phosphonates on ZnO(0001)−Zn and
ZnO(0001 ̅)−O single crystals. In a first approximation, the
change in the work function can be related to the direction and
magnitude of the molecular dipole moment μ of the
corresponding aromatic phosphonate.13,14,25,27 The adsorption
of PyPA (μ < 0; negative sign indicates that the dipole of the
adsorbed molecule points toward the surface) lowers the work
function of ZnO, whereas the adsorption of PhPA (μ ≥ 0) keeps
it approximately constant, and pCF3PhPA (μ ≫ 0) increases it.
After deposition of a 12 Å L4P-sp3 overlayer onto the PyPA-

and PhPA-modified ZnO surface, both valence spectra show the
characteristic features of L4P-sp3 (see Figures 3b and 4b). In
contrast to that, no appreciable change in the valence structure is
observed for the same nominal thickness (i.e., 12 Å) L4P-sp3
deposited onto the pCF3PhPA-modified ZnO surface (see
Figure 5b). Since pCF3PhPA molecules adopt an approximately
upright-standing orientation on ZnO(0001),13 this difference
can be explained by a lower sticking of the L4P-sp3 molecules on
the partially fluorinated pCF3PhPA-modified ZnO surface (i.e.,
“Teflon-like” behavior), as compared to the (nonpolar) PhPA-
and PyPA-modified ZnO surfaces. Therefore, for the same
nominal L4P-sp3 thickness, it is expected that the pCF3PhPA-
modified ZnO surface is only partially covered by L4P-sp3
islands (i.e., valence spectrum mainly resembles that of
pCF3PhPA), whereas both the PyPA- and the PhPA-modified
ZnO surface are completely covered by L4P-sp3 (i.e., valence
spectrum resembles that of L4P-sp3).

Figure 4. (a) SECO and (b−d) valence band region UPS spectra of the unmodified, PhPA-modified, and L4P-sp3/PhPA-modified ZnO surface (with
increasing L4P-sp3 coverage) as indicated in the figure. (b) Extended region of the valence band spectra, and (c, d) subsequent zooms into the near EF
region.
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A further prominent finding is that the ionization energy IE of

L4P-sp3 on the PyPA-modified ZnO (see Figure 6a) is 0.35 eV

lower compared to the thick-film L4P-sp3 sample (see Figure

6d), whereas IE of L4P-sp3 on pCF3PhPA-modified ZnO (see

Figure 6c) is 0.4 eV higher. This is an indication for different

molecule−substrate interactions between the L4P-sp3 overlayer
with the underlying SAM-modified ZnO surface, since different

molecular aggregation/morphology can lead to different offsets

Figure 5. (a) SECO and (b−d) valence band region UPS spectra of the unmodified, pCF3PhPA-modified, and L4P-sp3/pCF3PA-modified ZnO surface
(with increasing L4P-sp3 coverage) as indicated in the figure. (b) Extended region of the valence band spectra, and (c, d) subsequent zooms into the
near EF region.

Figure 6. Energy-level diagrams of the unmodified ZnO surfaces (black), the corresponding PA-modified ZnO surfaces (red), and (a nominal thickness
of 12 Å) L4P-sp3 deposited on the (a) PyPA-, (b) PhPA-, and (c) pCF3PhPA-modified ZnO surface (green). (d) Ionization energy IE of the L4P-sp3
molecule (50 Å thick layer on unmodified ZnO).
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between the molecular frontier levels and those of the
substrate.6,28 On the basis of previous findings,6,28 different
molecular orientation can result in different IE values (of more
than 0.5 eV) because of collective electrostatic effects. In the case
of the L4P-sp3/pCF3PhPA-modified ZnO hybrid system, due to
the extremely low affinity of most organic compounds toward
fluoropolymer (“Teflon-like”) surfaces,29 it is reasonable to
assume a “flat-lying” orientation (i.e., molecules adsorb with their
molecular plane shown in Figure 1d parallel to the substrate
surface) of the L4P-sp3 on top of the pCF3PhPA-modified ZnO
surface. This assumption (i.e., flat-lying arrangement) is
corroborated by the higher IE value (by 0.4 eV) compared to
that of the bulk L4P-sp3, in agreement with an increased IE and
flat-lying adsorption geometry as previously found for p-
sexiphenyl (6P) on ZnO(0001).6 In the case of PyPA, the
methylene group (alkyl spacer) between the PA anchoring group
and the pyrimidine phenyl ring (see Figure 1a) renders the
linkage between the binding site and the aromatic moiety more
flexible. As a consequence, it has been theoretically25 and
experimentally14 found that the tilt angle of the phenyl ring is
more oblique (43−45°) with respect to the substrate normal.
Therefore, owing to relatively strong π−π interactions between
the conjugated orbitals of the PyPA and L4P-sp3 molecules, the
L4P-sp3 is forced to adsorb in a more upright-standing/inclined
adsorption geometry, as also suggested by the valence spectra
comparison shown in Figure S4 (see Supporting Information).
The assumption of more upright-standing geometry and the
detection of a lower IE value is again in agreement with a
decreased IE together with an upright-standing adsorption
geometry as previously found for 6P/ZnO(101 ̅0).6

5. CONCLUSIONS

In the present work, we demonstrated that aromatic
phosphonates with different dipolar substitutions (i) form robust
SAMs on ZnO (with bidentate and tridentate binding) and (ii)
allow for engineering the work function of ZnO and the energy-
level alignment between the inorganic semiconductor ZnO and
an organic semiconductor over a wide range of more than 1.7 eV.
For all three cases, bare ZnO, PyPA/ZnO, and PhPA/ZnO, the
energy difference between the valence band maximum of ZnO
and the onset of the L4P-sp3 HOMO is essentially the same (ca.
1.3 eV), despite the fact that Φ of PA/ZnO varied between 2.95
and 3.75 eV. The reason for this is to be sought in the pinning of
EF at the unoccupied levels of the L4P-sp3 films, which is in line
with the change of the sample work function upon the organic
semiconductor deposition. In contrast, the work function of
pCF3PhPA/ZnO is sufficiently high (4.85 eV) to avoid EF-
pinning at both the occupied and unoccupied levels of the
organic semiconductor, so that vacuum level alignment prevails
and the energy offset between ZnO valence band maximum and
L4P-sp3 HOMO is substantially increased to 1.95 eV. This offset
is yet limited by the fact that the average orientation of L4P-sp3
on this, in part, fluorine-terminated surface is such that the
ionization energy is higher compared to the other cases
presented here. If one could change the molecular orientation
such that the ionization energy is lower (as on bare ZnO or
PhPA/ZnO), even EF-pinning at the occupied level could be
induced.
A strategy that might allow for achieving controllable

molecule−substrate interactions (and thus molecular orientation
and tunable energy-level offsets) is therefore highly desirable.
The widely tunable work function of ZnO with PA-SAMs in a

stable fashion has important implications for the design and
performance of electronic devices.
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(14) Lange, I.; Reiter, S.; Paẗzel, M.; Zykov, A.; Nefedov, A.;
Hildebrandt, J.; Hecht, S.; Kowarik, S.; Wöll, C.; Heimel, G.; Neher, D.
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