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Tuning the Work Function of Polar Zinc Oxide Surfaces
using Modified Phosphonic Acid Self-Assembled

Monolayers

llja Lange, Sina Reiter, Michael Pdtzel, Anton Zykov, Alexei Nefedov, Jana Hildebrandt,
Stefan Hecht, Stefan Kowarik, Christof Woll, Georg Heimel, and Dieter Neher*

Zinc oxide (ZnO) is regarded as a promising alternative material for trans-
parent conductive electrodes in optoelectronic devices. However, ZnO suffers
from poor chemical stability. ZnO also has a moderate work function (WF),
which results in substantial charge injection barriers into common (organic)
semiconductors that constitute the active layer in a device. Controlling and
tuning the ZnO WF is therefore necessary but challenging. Here, a variety
of phosphonic acid based self-assembled monolayers (SAMs) deposited on
ZnO surfaces are investigated. It is demonstrated that they allow the tuning
the WF over a wide range of more than 1.5 eV, thus enabling the use of ZnO
as both the hole-injecting and electron-injecting contact. The modified ZnO
surfaces are characterized using a number of complementary techniques,
demonstrating that the preparation protocol yields dense, well-defined

molecular monolayers.

1. Introduction

Over the last years, zinc oxide (ZnO) has attracted significant
attention as a transparent, conductive and cheap electrode, and
as a potential alternative to indium tin oxide (ITO) in organic
optoelectronic devices.'™ In contrast to ITO, ZnO additionally
offers the opportunity to prepare atomically smooth surfaces,
thereby enabling the investigation of charge transfer processes
at the ZnO/organic semiconductor (OSC) heterojunction with
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well-defined interface geometry and ener-
getics. In addition, in recent years a con-
siderable insight into the chemistry and
physics of ZnO-surfaces has been gained
by detailed surface science studies.!
However, the main drawback is the rather
moderate work function (WF) of bare ZnO
of roughly 4.3 eV. As a result, when ZnO
is brought into contact with a conventional
OSC, the Fermi level (Eg), which is close
to the conduction band in n-type ZnO, will
be located within the energy gap between
the highest occupied and the lowest unoc-
cupied molecular orbital (HOMO and
LUMO, respectively) of the OSC, resulting
in significant barriers for hole- or electron
injection.>*®7] Hence, schemes to alter
the WF of ZnO in a reliable, reproducible
and predictable way are needed. Unfortunately, due to the poor
chemical stability of the ZnO-surface, a WF modification with
conventional buffer layers, such as poly(3,4-ethylenedioxythiop
hene):poly(styrenesulfonate) (PEDOT:PSS), has been reported
to be not appropriate.8°]

An alternative approach to modify the WF is to shift the
electrostatic potential at the surface via attachment of an elec-
tric dipole layer. Self-assembled monolayers (SAMs) of various
polar molecules have been intensively studied and successfully
employed, both experimentally and theoretically, to modify
the WF of different metals or metal oxides.'>'%] For example,
Hotchkiss et al. applied a range of fluorinated benzyl phos-
phonic acids (BPAs) to tune the WF of ITO over 1.2 eV.l!
Whereas a large collection of data exists for SAMs on ITO and
other metal oxide surfaces such as SiO,, or AlO,, there are com-
parably only few systematic studies on ZnO in the literature.
In order to attach the molecules to the ZnO surfaces, several
anchoring groups including carboxylic acids,'*® amines,!*")
silanes, 221 thiols,?2-26] or phosphonic acids (PAs)1>25-2°] have
been utilized. Recent studies proved that particularly thiols and
PAs form SAMs at ZnO surfaces.”>?% Experimental and the-
oretical work has demonstrated a more robust binding of the
phosphonic acids compared to thiols, due to the preferential tri-
dentate binding on Zn0.2>27-2%

Recent publications proved the ability of tuning the
WEF of various ZnO surfaces by such molecular modifica-
tions. Bulusu et al. altered the WF of ZnO prepared by
plasma atomic layer desposition (ALD) by pentafluorobenzyl
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phosphonic acid (SFBPA).I'! The mixture of two triethox-
ysilanes with opposite molecular dipole alignment enabled
Brenner et al. to vary the WF of sol-gel processed ZnO by
about 0.5 eV.Y Kedem et al. were able to tune the WF of
five differently prepared ZnO samples over 1.1 eV by using
different phenyl phosphonic acids (PPA).BU A detailed theo-
retical investigation by density functional theory (DFT) calcu-
lations by Wood et al. supports the possibility of systemati-
cally shifting the ZnO WF with a variety of fluorine-modified
BPAs, thereby also referring to the particular possible binding
geometries and orientations.?%]

On the other hand, the understanding of the physical proper-
ties of SAM-functionalized ZnO is still at an early stage, which
is in part caused by the lack of reliable procedures for mon-
olayer formation. For example PAs are believed to form the
most robust binding to the ZnO, but particularly these mol-
ecules are often reported to cause etching effects at the ZnO
surface.>32 This problem will be discussed later in this article.
Furthermore, different preparation techniques are suggested,
ranging from dip coating!??22?8l via tethering by aggregation
and growth (T-BAG)®! to spray coating!"! with no consensus
about the most suitable approach.

Moreover, a detailed investigation of the surface coverage
and the molecular orientation of the molecules in the SAM,
in particular on intrinsic ZnO, is virtually missing. In recent
studies, near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy and/or infrared absorption reflection spectros-
copy (IRRAS) were used to determine the molecular orienta-
tion of thiols and phosphonic acids only on aluminium-doped
ZnO (AZO) or indium zinc oxide (IZO) surfaces.**** However,
because the major part of studies on ZnO modifications has
been performed on sputtered or sol-gel prepared ZnO with
rough ill-defined surfaces, many surface-analyzing techniques
are therefore hardly applicable on such pure ZnO.

Here, we report on the formation of SAMs from various
modified PAs on well-defined ZnO single crystal surfaces.
Though single crystals might be irrelevant for commercial
applications, their well-defined surface (in contrast to sputtered
or sol-gel processed ZnO layers) renders them particularly well
suited for the development of reproducible protocols for SAM
deposition and for gaining access to fundamental structural
properties. Such a protocol is developed for the generic modifi-
cation of polar ZnO-surfaces, thereby preventing the frequently
appearing etching effects at these surfaces. The high quality of
the so-prepared SAMs is proven by angle-dependent NEXAFS,
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Xray reflectivity (XRR) measurements, Kelvin Probe (KP),
atomic force microscopy (AFM), and scanning Kelvin Probe
microscopy (SKPM), pointing towards a dense and homoge-
neous coverage of the ZnO surface with a monolayer of well-
oriented molecules. By employing PAs with functionalities cov-
ering a wide range of dipole moments, we are able to alter the
ZnO WF by more than 1.5 eV, from 4.1 eV to almost 5.7 eV.
This allows us to continuously tune the ZnO charge injection
properties, enabling the application of ZnO as both electron
and hole injecting contact. We find that changing the ZnO work
function alters the unipolar currents in P3HT and PCBM-based
diodes by five orders of magnitude, which highlights the very
high quality of our SAM-functionalized ZnO surfaces.

2. Results and Discussion

2.1. Materials and Molecular Dipole Moments

For our experiments, polished and properly annealed Zn-ter-
minated ZnO (0001) or O-terminated (000-1)-ZnO single crys-
tals with the dimensions 10 x 10 X 0.5 mm? were used (see
the Experimental Section for details). To tune the WF over a
wide range, we tested a variety of BPAs with chemical modi-
fications at different positions of the molecule and, therefore,
different dipole moments. In addition we employed a new class
of phosphonic acids based on pyrimidine, with the goal to fur-
ther lower the WF of ZnO. Pyrimidine derivatives have already
been discussed in literature as a means to alter the substrate
WF and, therefore, the charge carrier injection properties.?*3]
Here, we apply a non-substituted pyrimidine PA (PyPA) as a
representative of this promising class of PA-based molecules.
The chemical structures of all used molecules are displayed in
Figure 1, together with the value of the dipole moment of the
head group (the substituted aromatic ring) as calculated using
density functional theory (DFT). For the full chemical names of
all molecules see the Experimental Section.

According to the work of Li et al., the total change in WF
upon SAM attachment, A®,,, is determined by the sum of the
following contributions

Aq)tot = Aq)SAM + Aq:)chermboncL + Aq)geomjec. (1)

with Ads,y, indicating the shift of the electrostatic potential
caused by the dipole moment of the molecules in the isolated

F
NH, F Br FF
m F F
7 F =
Lo o o o 9 y o
4 Pl Bl . Pl Bl Pl
Ho ©H Ho ©OH Ho ©H o ©OH Ho ©H  no OH  po ©H
PyPA ABPA BPA FBPA 5FBPA BrBPA 3FMBPA
(-1.7D) (-0.9D) (0.4D) (2.0D) (2.2D) (2.3D) (3.4D)

Figure 1. Chemical structures and acronyms of all applied phosphonic acids, with their respective dipole moments of the head group fpeaq, shown in
the brackets. A negative sign indicates that the negative pole points towards the PA anchoring group.
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SAM, A® o bona. the contribution of the charge redistribution
at the interface due to the chemical binding of the molecules
to the substrate, and A®,,, . the WF shift of the substrate
with respect to the bare surface due to geometry relaxation
upon SAM adsorption.?®l The relation between A®g,, and the
molecular dipole moment p is given by the Helmholtz equation

el ﬁ
Eokea A )

ADgpy =

where e denotes the elementary charge, p, is the dipole
moment component perpendicular to the surface, N/A denotes
the number of dipoles per area, and ¢, is the vacuum permit-
tivity. Note that a close arrangement of the molecular dipoles
causes a strong interaction with their respective electric fields.
This interaction suppresses the individual dipole moments
of the densely packed molecules compared to the ones in the
gas phase.’’* To account for this depolarization, a reduction
factor kieq has to be included into Equation (2).

The dipole moment vector @i can be further decomposed
into a contribution of the head group, fij..q, and a contribution
of the anchoring group, Hame. Our DFT calculations suggest
that the CH, group between the PA and the benzyl ring largely
decouples these two parts electronically and, therefore, the total
dipole moment fi is roughly the sum of Hheat and Hanchor. Theo-
retical work by Wood et al. also showed that the particular sub-
stitution of the benzyl ring has only little effect on the charge
distribution within the phosphonic acid anchoring group.?”!
Their work also revealed comparable tilting angles of [y,
independent of the fluorination of BPA. Therefore, for our cal-
culation of [neq, the phosphonic acid group was replaced by
hydrogen.

As all of the molecules applied here have the same basic
structure, no significant variations in the nature of attachment
and assembling are expected. Therefore, A®yeom rec.; APchem bond.»
and Uuor are assumed to be equal and independent of the
modification of the head group. The remaining variables are
then the absolute value and the tilting angle of [iy.q, as well as
the molecular surface coverage, all of which will be addressed
in the following sections.

2.2. Protocol for SAM Formation

To prepare the SAMs on the ZnO surface, a variety of prepara-
tion procedures have been proposed in literature. However, in
none of these publications the structural properties of the self-
assembled monolayers formed on the ZnO substrates has been
thoroughly characterized. Therefore, a major aim of this work
was to develop a reliable protocol that leads to well-defined,
densely packed monolayers of the molecules without damaging
the ZnO surface.

Valtiner et al. showed that pH values <3.8 can lead to etching
of the ZnO surface.’] It is, therefore, expected that the ZnO
surface is severely disturbed in presence of our phosphonic
acids in combination with water. Indeed, we find a strong corre-
lation between the water content, the acidity of the PA-solutions
and the quality of the SAM-functionalized ZnO surface. While
a 2 mM BPA solution in pure deionized water has a pH = 2.5,
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use of absolute ethanol (G CHROMASOLY, Sigma Aldrich,
99.9% purity) instead of water decreases the pH to 3.4 and uti-
lization of dried ethanol (SeccoSolv, Merck Millipore, <0.01%
H,0) further reduces the acidity of the solution to pH = 4.3.
Immersion in an aqueous BPA solution discolored both the
wafer and the solution to milky white, indicating already by
the naked eye a very strong etching of the ZnO surface.l!>32
Although these effects were strongly reduced when absolute
ethanol-BPA solution was applied, more detailed investigations
by AFM still revealed a grainy structure with numerous protru-
sions, pointing to etching effects also in this solution (Figure S2
in the Supporting Information). These protrusions are loosely
bound to the ZnO substrate and can easily be laterally displaced
by the AFM tip in contact mode, similar to the observations
reported earlier by Chen et al.l?l Contrarily and most impor-
tantly, no such grains were observed when dried ethanol was
used (Figure 3). Therefore, such high-purity ethanol was used
for the preparation of the SAMs reported in this study.

2.3. Work Function Tuning

Following this protocol, the properly prepared ZnO substrates
were immersed into solutions of the different phosphonic acids
(see Figure 1) in dried ethanol. After immersion, the samples
where gently purged in dried ethanol to remove residual (phy-
sisorbed) molecules and subsequently dried in a N,-stream fol-
lowed by an annealing step on a hot plate at 90 °C for 3 min to
remove residual ethanol. Work functions were measured with a
Kelvin probe (KP) setup calibrated against highly ordered pyro-
lytic graphite (HOPG), for which we assume a WF of 4.6 eV.[*4
All KP measurements were performed in a N,-filled glovebox
at room temperature, which are also the conditions for OSC
deposition. We estimated the conductivity of the undoped ZnO
substrates to 3-5 Sm™, which is sufficiently large to provide the
current during the KP measurements. For BPA, FBPA, 5FBPA,
ABPA, and PyPA, the largest shifts in WF was realized after
immersing the wafer in dried ethanol for two hours, while
keeping the solution at 70 °C for one hour and letting it cool
down to room temperature during the second hour. Longer
immersion times generally lead to smaller work function shifts,
which we attribute to the formation of multilayers. For BrBPA
and 3FMBPA, this effect was seen already after 20 min, (Figure S1
in the Supporting Information). Therefore, the immersion time
in these two solutions was reduced to 20 min at 70 °C.

Absolute (macroscopic) WFs of optimized SAM-covered ZnO
(0001)-Zn and (000-1)-O substrates are related to the head-group
dipole moment p,.,q in Figure 2, the absolute values are dis-
played in Table 1. The graph shows that the WF is a linear func-
tion of Upeq. This is fully consistent with the prediction of the
Helmbholtz-equation (Equation (2), indicating that the molecular
tilt angle and the surface coverage is either constant or it changes
only gradually with the dipole moment. By employing molecules
with a wide range in dipole moment, we succeeded to alter the
ZnO WF by more than 1.5 eV, which is by far the largest reported
on ZnO surfaces. Interestingly, very similar WF shifts are seen
on substrates with either Zn- or O-terminated surfaces.

It should be noted that a direct comparison with the WF of
untreated ZnO is not meaningful. ZnO is known to adsorb

Adv. Funct. Mater. 2014, 24, 7014-7024
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Figure 2. WF of ZnO (0001)-Zn and (000-1)-O substrates covered with
SAMs from the molecules in Figure 1, plotted as a function of the head
group dipole moment HUnead (see brackets in Figure 1). All WF values
were measured with the Kelvin Probe (KP) technique. Lines are fits to
Equation (2). The WF spans a range of about 1.5 eV.

residual contaminations such as H,, H,0, or CO, even under
ultra-high vacuum conditions,P! which alters the surface. Addi-
tionally, it has been shown that even brief exposure of high-
purity ZnO substrates to water already leads to H-atom con-
centrations >0.1% in the bulk close to the surface.*’] These
H-atoms lead to an effective n-doping of this material, which
will also affect the WF. As the preparation of our ZnO sub-
strates involves several steps (in different environments and
temperatures), it is rather unlikely that the chemistry of the
final (non-modified) surface is always the same. Indeed we find
a poor reproducibility of the WF of the “clean” ZnO surface and
a strong dependence on pre-treatment or storing conditions
prior to the measurement. Therefore, a reasonable reference
value for bare ZnO is experimentally inaccessible. However,
after chemisorption of the SAM the WF became much more
reproducible. Notably, ZnO wafers with a well-expressed ter-
raced topography had absolute WFs reproducible within an
error of less than +50 meV.

The strict relation between WF and .4 suggests the cov-
erage of the ZnO surface to be reproducible on the macro-
scopic scale. To evaluate a possible spatial variation in the WF
of the SAM-functionalized surfaces, all samples were analyzed
by scanning Kelvin probe microscopy (SKPM). In this tech-
nique, the probe is formed by the oscillating tip of an atomic
force microscope (AFM), enabling a resolution of a few tens of
nm. The results are shown in Figure 3 together with the corre-
sponding AFM height profiles.

The AFM height profiles show the terraced structure of the
underlying ZnO substrate. As described above, no grainy struc-
ture is visible, proving the absence of any etching effects. Also,

Table 1. Absolute WFs of the SAM-modified ZnO substrates.
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no evidence for island- or multiple molecular layer formation
is seen in the AFM height profiles. Although multilayer forma-
tion by these short molecules might be difficult to be resolved
by AFM, any inhomogeneity should strongly affect the local
WF shift, and therefore the SKPM signal. In almost all cases,
however, the SKPM histogram shows a weak fluctuation of the
surface potential within the 3 X 3 pm scan area of less than
40 meV. The scan of larger areas did not reveal substantially
larger variations. The single exception is 5SFBPA with a devia-
tion of about +60 meV which might be caused by the presum-
ably lower stability of that molecule under ambient conditions
compared to all other molecules applied here. However, as this
molecule initiates one of the highest WFs in the achieved range,
the deviation relative to the total WF shift is still reasonably low.

We find the overall spread of local Kelvin potential in the
SKPM images to be around (or less than) 10% of the respective
macroscopic WF shift. Such a weak variation could be caused
by, e.g., a variation of the tilting angle of the molecules by up to
£5°. Part of that variation may also stem from inhomogeneities
of the underlying substrate, for which we have found fluctua-
tions of the surface potential around the mean value of about
115 meV. To conclude this part of the work, the linear depend-
ence of the WF on the molecular dipole moment and the small
variation in the local WF in the SKPM experiments point to a
rather homogenous arrangement of the dipoles on the ZnO
surface in all cases, at least on the few 10 nm scale.

2.4. Molecular Orientation

In order to characterize the composition of the self-assembled
monolayers (SAMs) formed on the ZnO-substrates and to deter-
mine the orientation of the monomers within the SAMs relative
to the substrate surfaces, near edge X-ray absorption fine struc-
ture (NEXAFS) spectra have been recorded for different photon
incident angles 6 with values between 20° and 90°. Figure 4a
shows the corresponding C K-edge NEXAFS spectra of BPA
on ZnO. We can clearly identify the characteristic benzene 7'
resonance and further features (an assignment is provided in
Figure 4a), which serve as a fingerprint of the SAM-forming
BPA monomer.*®! The transition dipole moment (TDM) gov-
erning the excitation of Cls-electrons into the aromatic 7" level
is orientated perpendicular to the molecular plane of the aro-
matic ring. Since the intensity of a NEXAFS-resonance for exci-
tations in such cases is given by the angle between the TDM
and the electric field vector of the incident light beam, the ori-
entation of the molecular plane relative to the surface plane can
be determined from the variation of the 7 NEXAFS resonance
intensity with photon angle of incidence.

In the present case, due to the three-fold symmetry of the
substrate the azimuthal orientation can be averaged and the 7*
peak area I(6) can be quantitatively analyzed in order to extract

PyPA ABPA BPA FBPA 5FBPA BrBPA 3FMBPA
-Zn 12e 43 e .70 e 99e 20€ 40 e 60e
0001)-Z 4.12eV 4.43 eV 4.70 eV 4.99 eV 5.20eV 5.40 eV 5.60 eV
—1)- 15e 37e .66 € 23e 36e 21e .68 e
000-1)-O 4.15eV 4.37eV 4.66 eV 523 eV 5.36eV 5.21eV 5.68 eV
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Figure 3. a) AFM height profile shows the underlying terraced ZnO structure. The presence of well pronounced terraced surface and the lack of grains
at the surface indicates the absence of etching effects. The scanned area is 3 x 3 pm? in all cases. b) SKPM images and c) SKPM histogram of the same
area showing the variation of the Kelvin potential over the measured area.
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Figure 4. a) NEXAFS spectra recorded at different X-ray photon angles
of incidence (20°-90°) for BPA SAMs on ZnO (0001)-substrates. b) The
angle dependence of 7, "-transition intensities. The best fit yields o= 47°
+ 3°.

the tilt angle o of the aromatic ring with respect to the surface
according to

1(8) < P cos® ((9)(1—%sin2 (a))+%sin2 () 3)

where P is the degree of polarization of the incident X-ray light.
The angle dependence of the 7;"-transition intensities is shown
in Figure 4b along with the best fit according to Equation (3).
The latter is presented by the red curve yielding a tilting angle
o of 47° £ 3°. Therefore, we can conclude that the molecules
are indeed attached to the ZnO surface with a preferential ori-
entation. The value of 47° + 3° is in excellent agreement to theo-
retical DFT calculations by Wood et al. of BPA on ZnO, yielding
an angle of the aromatic ring relative to the ZnO surface of o=
45.5° in case of a tridentate binding.l?”) These authors claimed a
lower tilting angle of o = 43.4° when the molecules are bound
in a bidentate fashion, supporting a preferentially tridentate
binding also in our case in accordance with other publica-
tions.[?>2728] Note that these calculations also suggest an only
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Figure 5. XRR measurements of BPA, 5FBPBA and 3FMBPA on ZnO
(0001)-Zn and the correlating fit curves (red lines). The position of the
minimum of the Kiessig fringes decreases with increasing SAM thick-
nesses to smaller values of g,, which is indicated by the arrow. The values
for the total thicknesses of each SAM based on the theoretical estimate
for a tilt of the head group of 47° (as measured by NEXAFS) and deduced
from the XRR fits are shown in the inset.

weak effect of the ring substitution on the tilting angle of the
aromatic ring relative to the ZnO surface, which was predicted
to vary between 45.1° and 47.4° for tridentate binding. There-
fore, in the following analysis, we assumed the same experi-
mentally determined molecular tilt of 47° relative to the ZnO
surface for all of our PAs.

2.5. Thickness of the Layer

To determine the thicknesses of the SAMs and their electron
density, X-ray reflectivity (XRR) measurements were per-
formed. In Figure 5 the reflectivity curves of BPA, SFBPA and
3FMBPA are shown. The edge of total reflection at an out-of-
plane scattering vector of about g, = 0.046 A~! closely matches
the literature value for ZnO. We furthermore observe the
expected decaying Fresnel reflectivity curve and for larger g, a
slight oscillation in the reflectivity, the so called Kiessig fringes.
These fringes originate from thickness interferences between
reflections from the top and bottom interfaces of the SAM.
The position of the fringe minimum is a measure for the SAM
thickness and shifts towards smaller values of g, for larger layer
thicknesses.

From the Parratt fits to the measured XRR curves the values
of SAM thickness and electron density can be quantified. For
BPA and 5FBPA the best fits were achieved with a simple one-
layer model and by using the tabulated electron densities (NIST
database), i.e., pgpa = 0.44 A3 and psppps = 0.54 A3, In the
case of 3FMBPA, however, a two-layer model was necessary to
achieve a good fit. In a two-layer model one separates the SAM
into the head and the anchor group with different electron den-
sities, i.e., P3pmppahead = 0-46 A and pspvppai = 0.36 A7,
Such a two layer approach is well known in the literature.[*’]

The fit curves reproduce the position of the oscillation min-
imum well for each SAM. The values deduced for the thick-
nesses of BPA and 5FBPA are dyps = 6.3 A and dsgppa = 6.85 A,
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while the sum of the heights of the head and tail group of
3FMBPA results in a total thickness djpyppa = 10.5 A. The
trend of BPA being the thinnest and 3FMBPA being the
thickest layer is in accordance with the theoretical estimations
considering a constant tilting angle of the head group of 47°
as measured by NEXAFS (see inset of Figure 5). While the
measured thicknesses do not perfectly match the theoretically
expected SAM heights, the XRR measurements confirm that
the investigated molecules form layers on the ZnO surface with
an average height of roughly one monolayer, i.e., no multilayers
or significant amount of physisorbed molecules are observed.

2.6. Surface Density

Having proven the homogeneous coverage of the ZnO surface
with a monomolecular SAM, we are now able to provide an
estimate of the surface density of molecules using the Helm-
holtz equation. Unfortunately, as mentioned above, the refer-
ence value of bare ZnO is inaccessible and, thus, the absolute
WEF shift of every individual SAM cannot be quantified directly.
Therefore, we made use of the strict linear relation between the
WF and the molecular dipole moment by rewriting the Helm-
holtz Equation (2) in a differential form:

ﬂ_ 80kred d_q)
A esino du (4)

Due to hydroxylation effects*® the reasonable maximum
coverage of the ZnO surface with the SAMs is one molecule
per unit cell, yielding N/A,,,, = 2.73 nm™2. ?*l The lower bound
for the surface coverage in our experiments can be estimated
by fitting the data of Figure 2 with Equation (4) while setting
kreq to 1 (no depolarization), yielding N/A i, = 1 nm™2. As kg
is determined by the interaction strength of the neighboring
molecules, it is strictly correlated to N/A. This makes the
individual determination of the coverage and k.4 impossible.
However, it has been established that a reasonable value for
kyeq of such molecular layers is in the range of 1.9-2.3° There-
fore, we can conclude that the average surface density in our
SAMs is approximately 2 nm™. This value evidences a dense
surface coverage, reasonably close to the theoretical maximum,
pointing again to a high quality of the SAMs.

It should be noted that the value of k.4 might be affected by
the electrostatic interaction between [lummor and the polarizable
headgroups of the phosphoric acid molecules. As, however, this
effect will be weak in dense molecular layers,*?! it can safely be
neglected in light of the uncertainty discussed above.

Notably, our surface density is substantially larger than what
has been found by Hotchkiss et al. using the same family of
BPA-based molecules on ITO.!'! By comparison to older results
they claim a density of at least 0.7 nm™. However, analyzing
their data using Equation (4) reveals a molecular density of
about 1.3 nm™2 The difference between their and our work is
reasonable considering that ITO provides a rough, ill-defined
surface, whereas the ZnO substrates used here are single-crys-
talline and exhibit a smooth surface with low defect density.
Our density is also higher than the value recently reported by
Li et al. for a ferrocene PA on sputtered Gallium-doped ZnO
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(GZO) prepared (ca. 1.4 nm™2).1¥% This discrepancy is reason-
able given that ferrocene is rather bulky and that the surface
of the sputtered GZO differs from our single crystalline ZnO
wafer surface with regard to topography and surface chemistry.

2.7. Single Carrier Devices

As a proof of concept we prepared organic hole- and electron-
only devices with the modified ZnO as one injecting electrode
and poly(3-hexylthiophene) (P3HT) or phenyl-C71-butyric acid
methyl ester (PCBM), respectively, as transporting organic
semiconductors. Within the two types of devices, the WF of the
ZnO was continuously altered by using different SAMs.

From theory, the current through a unipolar device is either
injection or bulk limited. If the electrode Fermi level (Eg) is
within or approaches the respective transport band of the semi-
conductor, thermally induced charge transfer takes place, which
pins the substrate E at an energy in the OSC band gap close
to the band onsetP%> Therefore, irrespective of the particular
electrode Eg, within the pinning regime the contact is Ohmic,
resulting in a bulk-limited current with no significant influ-
ence of the electrode WF on the current density—voltage (J-V)
characteristics. In contrast, if the electrode Ey lies well above
the HOMO or well below the LUMO, respectively, a subse-
quent injection barrier is formed, and the now injection limited
current is strongly reduced compared to the above case of an
Ohmic contact.

Figure 6 shows the representative J-V characteristics of
single carrier devices with modified ZnO as the bottom elec-
trode. These experiments should be considered as a first proof
of principle measurements. Further improvements of the
experimental configuration (including a better contact to the
ZnO) and the quantitative analysis of the data are subject to
future investigations. As the HOMO of P3HT is considered to
be at 4.8 + 0.3 eV,P%°% the high WF ZnO > 5.2 eV induced
by the application of 3FMBPA, BrBPA or FBPA should lead to
Ohmic contacts. Indeed, in Figure 6a these three SAMs give the
highest currents among all applied SAMS. The devices with the
other SAMs as well as the non-treated ZnO with WFs smaller
than 4.8 eV show a strong reduction of the currents under
forward bias, pointing to injecting-limited currents, which is
in accordance with the theory stated above. Consequently, the
lowest current is detected for the PyPA modified ZnO electrode
with the lowest WF among all SAMs, about five orders of mag-
nitude smaller than for ZnO substrates coated with 3FMBPA,
BrBPA or FBPA. Note that in backward direction (hole injec-
tion from the positive top silver electrode), no significant varia-
tion of the current is observed (within the experimental error).

The exact opposite trend is obtained for the electron-only
devices comprising PCBM in Figure 6b. Again, the currents
under injection from the modified electrode (the bottom elec-
trode is biased negatively) can be varied over several orders
of magnitude, according to a change of the injection bar-
rier. Notably, the lowest injection barriers are now detected
if PyPA or ABPA are applied to decrease the ZnO WEF, with
resulting values of 4.12 eV and 4.4 eV, respectively. Because
the pinning level of pure PCBM prepared under these condi-
tions is at around —4.25 eV,°061] it can be expected that also the
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Figure 6. J-V characteristics of single carrier devices in the stack ZnO/
SAM/organic semiconductor/Ag with a) P3HT or b) PCBM. The only
parameter varied is the WF of the ZnO due to the application of different
SAMs. A voltage larger than zero means that a positive bias is applied to
the bottom electrode.

ABPA-modified electrode is close or within the pinning regime
of the PCBM LUMO. On the other hand, the lowest current
is seen for 3FMBPA with the largest resulting WF among all
molecules.

3. Conclusions

We have successfully used several modified phosphonic acid
based molecules to tune the WF of the polar ZnO (0001)-Zn
and (000-1)-O surfaces. We have developed a protocol which
avoids etching of the ZnO-substrates and which yields well-
defined SAMs of reproducible, high quality. The SAMs
have been investigated by a manifold of techniques. For the
case of BPA-SAMs, NEXAFS results showed that the mol-
ecules are attached to the substrate with an average tilt-angle
of the phenyl-ring plane relative to the surface of 47°. XRR
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measurements revealed thicknesses in good agreement to the
formation of molecular monolayers. Results from AFM and
SKPM indicated the presence of highly homogeneous films.
The analysis of these data revealed a density of the molecules at
the ZnO surface of about 2 nm~2. Therefore, we can conclude
that all phosphonic acid based molecules studied here form a
well-ordered, dense SAM at ZnO. A linear shift of the macro-
scopic WF with the dipole moment of the molecules has been
observed spanning a wide range of about 1.5 eV, larger than in
previous reports,B3! irrespective of whether Zn-terminated ZnO
(0001) or O-terminated (000-1)- ZnO is employed. As a proof
of concept for the application of ZnO as an injecting electrode
in optoelectronic devices, a set of hole-only and electron-only
devices was prepared. It is shown for the first time that ZnO
can serve as both electron- and hole injecting contact, and that
the injection properties can be continuously altered from being
strongly injection limited to Ohmic. Importantly, unipolar cur-
rents in P3HT and PCBM-based diodes can be tuned by several
orders of magnitude by simply controlling the ZnO work func-
tion. We presume that this result opens new opportunities for
the design of regular and inverted electronic devices and, con-
sequently, for the improvement of such devices. Finally, smooth
well-defined ZnO surfaces with widely tunable WF will consti-
tute ideal system for addressing the correlation between surface
energetics/chemistry and charge injection capability. By now,
most studies on unipolar devices refer to charge injection from
the top contact.?-% In this case, the charge injecting inter-
face is inaccessible to a conclusive characterization of the mor-
phology and energetics. Given the homogeneity and robustness
of our functionalized ZnO surfaces, our future studies will be
devoted to a detailed understanding of charge injection across
the ZnO-organic interface combined with its comprehensive
characterization using advanced photoelectron spectroscopy
and X-ray absorption techniques.

Added in proof: A recent publication by M. Timpel et al.l”’!
considers the binding of two phosphonic acids, tridecafluor-
ooctyl-PA (F130PA) and p-(trifluorimethyl)phenyl-PA (pCF-
3PhPA) on single cystal ZnO (0001)-Zn surfaces. In contrast
to the chemically related compound 3FMBPA studied here,
the substituted phenyl ring is directly linked to the PA in pCEF-
3PhPA, rendering the linkage between the binding site and the
aromatic moiety very stiff. As a consequence, Timpel et al. find
a preferential bidentate binding of pCF3PhPA at the Zn-termi-
nated ZnO surface and a larger molecular larger tilt with regard
to the substrate plane (when compared to 3FMBPA).

4. Experimental and Computational Section

Substrates: Zn-terminated ZnO (0001) or or O-terminated (000-1)-
ZnO single crystals with the dimensions 10 x 10 X 0.5 mm? were
obtained from CrysTec GmbH, Germany. The substrates were sonicated
in acetone and ethanol for 15 min each prior to an annealing with a dwell
time of about 8 h at 1050 °C ((0001)-Zn) or 1180 °C ((000-1)-O) in an
electric furnace under an O, flow of 0.1 L min~'. Kobayashi et al. showed
that the ZnO surface can be significantly improved to an atomically flat,
terraced structure when the substrates are placed in a small box made
out of ceramic ZnO during annealing.l’”] This technique was adopted
and simplified by placing the ZnO wafers in a quartz glass combustion
vessel covered by a planar ZnO sputtering target (99.99% purity). The
sputtering target was slightly etched with acetic acid prior to every
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use. After allowing the furnace to cool down to room temperature, the
substrates were taken out and subsequently again sonicated in ethanol
for 15 min and blown dry in a N, stream. Afterwards the substrates
were immediately immersed to the molecule solution. Recycling of the
substrates for multiple usages has been performed by a three step hand-
polishing procedure with 1) 1 pm diamond suspension, 2) 0.25 pm
diamond suspension, and 3) pure ethanol followed by the procedure
described above, yielding terraced surface structures comparable to
industrially polished substrates.

Preparation of Phosphonic Acids and of Self-Assembled Monolayers:
Benzylphosphonic acid (BPA, 97%), 4-bromobenzylphosphonic acid
(BrBPA,  97%), 4-fluorobenzylphosphonic acid  (FBPA, 99%),
pentafluorobenzylphosphonic acid (SFBPA, 97%), and
4-aminobenzylphosphonic acid (ABPA, >95%) have been obtained from
Sigma Aldrich and were used without further purification. (Pyrimidin-2-yl)
methylphosphonic acid (PyPA) and 4-trifluoromethylbenzylphosphonic
acid (3FMBPA) have been synthesized via alkylation of triethyl phosphite
with the corresponding benzylic halide followed by acidic hydrolysis of the
formed diethyl benzylic phosphonate. PyPA: 2-Chloromethylpyrimidinel®®l
(1.30 g, 10.11 mmol) and triethyl phosphite (3.46 g, 20.22 mmol) were
refluxed for 18 h. The excess triethyl phosphite was removed in vacuo
and the residue subjected to column chromatography (CH,Cl, : MeOH
=100 : 4) to yield 1.52 g (65%) of the intermediate diethyl (pyrimidin-
2-yl)methyl phosphonate. "H-NMR (300 MHz, CD,Cl,): § (ppm) =
130 (t, ) = 9 Hz, 3H), 3.55 (d, ] = 21 Hz, 2H), 4.12 (m, 4H), 7.23 (m,
1H), 8,71 (d, ) = 3 Hz, 2H). To the intermediate diethyl (pyrimidin-2-yl)
methyl phosphonate (0.50 g, 2.17 mmol) in 30 mL of acetonitrile was
added trimethylsilylbromide (0.86 g, 6.51 mmol) dropwise at 0 °C. The
obtained solution was stirred overnight and the solvent was removed in
vacuo. After 10 mL of MeOH were added, the suspension was stirred for
30 min, and the solvent removed under reduced pressure. Once again
10 mL of MeOH were added and the white solid formed was isolated by
filtration. Recrystallization from MeOH/H,0O afforded 0.32 g (85%) of
the desired (pyrimidin-2-ylymethyl phosphonic acid. "H-NMR (300 MHz,
D,0): & (ppm) = 3.51 (d, ) = 21 Hz, 2H), 7.75 (m, TH), 8.95 (2H, | =
3 Hz, 2H). 3C-NMR (75 MHz, D,0) 37.9 () = 120 Hz), 120.4, 157.7,
161.5. 3FMBPA was prepared according to a literature procedure.[®’!
SAMs were prepared by immersing properly prepared ZnO wafers
for a given time in a 2 mM solution of the respective BPA in dried
ethanol (SeccoSolv, Merck Millipore, <0.01% H,0). In order to reduce
contaminations, the preparation was performed in a N, filled glovebox
and by using solely PTFE vessels and holders. After immersion, the
substrates were gently purged in dried ethanol and subsequently dried
with a N,-stream followed by an annealing step for 3 min at 90 °C on a
hot plate.

Kelvin Probe: Work functions were measured in a N-filled glovebox at
room temperature with an SKM KP 4.5 (KP Technology Ltd.) with 2 mm
probe diameter. Calibration of the tip work function was done against
highly ordered pyrolytic graphite (HOPG), for which we assumed a work
function of 4.6 eV.*l

AFM and SKPM: Atomic force microscopy and scanning Kelvin probe
microscopy have been performed using a NT-MDT Solver PRO with a
100 X 100 x 5 pm? hardware-linearized scanner in ambient conditions at
room temperature. AFM scanning was carried out in semi-contact mode
(according to tapping mode). SKPM was measured in the two-pass
technique with a resolution of about 1 mV. NT-MDT NSG10 non-contact
cantilevers with 10 nm Ptlr coating, a typical curvature radius of the tip
of 35 nm and a resonance frequency of about 240 kHz were used.

NEXAFS: The NEXAFS spectra were acquired in the Partial Electron
Yield (PEY) mode at the HE-SGM beamline at the synchrotron radiation
facility BESSY Il in Berlin (Germany). The endstation was equipped with
home-made NEXAFS detector and a five-axis manipulator with a liquid
Helium cooling system in the analysis chamber.’" The base pressures
in the analysis chamber and preparation chamber were better than 5 x
107'° Torr and 2 x 107° Torr, respectively. The degree of polarization of the
incident synchrotron light at HE-SGM beamline was amounted to 0.91.
To control a possible degradation of BPA under synchrotron radiation,
the NEXAFS spectra were measured a few times for every incidence
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angle and compared to each other. Fortunately, no changes were found
in the experimental spectra, indicating a very low degree of radiation
degradation of the BPA SAMs during the NEXAFS measurements.

XRR: In X-ray reflectivity (XRR) the intensity of the specularly reflected
X-ray beam R as a function of the angle of incidence 6 is measured.
The vector ¢, is the momentum transfer in the direction of the surface
normal z and can be calculated as a function of the angle of incidence
0 of the X-ray beam using g, = 47 X' sin6. The XRR curves of BPA,
5FBPA and 3FMBPA were acquired on an X-ray diffractometer with a
rotating Cu-Kor anode source. The measurements were performed in a
high vacuum (HV) chamber at a pressure of 10 to 10~ mbar to avoid
beam damage by ozone. A substrate temperature of 100 °C was used to
minimize water adsorption on the sample.

The presented data contains a geometrical footprint correction, to
compensate for the flux not hitting the sample at small angles, and a
subtracted offset scan to obtain the true reflectivity without diffuse
scattering. To extract the thickness of the SAM d and its electron density
P the data were fitted using the software Parratt 32 version 1.6,/ which
is based on the Parratt Formalism.l”? For each fit a constant detector
background of 1 x 1077 counts was assumed.

Single Carrier Devices: For the preparation of hole- or electron-only
devices, layers of poly(3-hexylthiophene-2,5-diyl) (P3HT) or phenyl-C;;-
butyric-acid-methyl ester (PCBM) were prepared by spincoating from
chloroform solution on top of the SAM-modified ZnO substrates, with
a resulting thickness of 310 nm and 350 nm, respectively. Subsequently,
Ag top electrodes with a thickness of 100 nm and an area of 2 mm? have
been evaporated on top. For -V measurements, the ZnO substrates
were glued with a thin extensive layer of silver paint on top of a larger
gold-covered glass substrate, which was contacted to a wire with silver
paint. Contact to the top electrodes was realized with a 0.1 mm gold
wire.

DFT: DFT calculations were performed with the B3LYPI>~7] exchange-
correlation potential (as implemented in Gaussian 09, Rev. A.02)"%l and
the triple-§, DFT-optimized, polarization-consistent pc2 basis set of
Jensen 7778l
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