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Reliable Work Function Determination of Multicomponent
Surfaces and Interfaces: The Role of Electrostatic Potentials
in Ultraviolet Photoelectron Spectroscopy

Thorsten Schultz, Thomas Lenz, Naresh Kotadiya, Georg Heimel, Gunnar Glasser,
Riidiger Berger, Paul W. M. Blom, Patrick Amsalem, Dago M. de Leeuw, and Norbert Koch*

Ultraviolet photoelectron spectroscopy (UPS) is a key technique to determine
the work function (®) of surfaces by measuring the secondary-electron cut-off
(SECO). However, the interpretation of SECO spectra as obtained by UPS is
not straightforward for multicomponent surfaces, and it is not comprehen-
sively understood to what extent the length scale of inhomogeneity impacts
the SECO. Here, this study unravels the physics governing the energy
distribution of the SECO by experimentally and theoretically determining the
electrostatic landscape above surfaces with defined patterns of ®@. For such
samples, the measured SECO spectra exhibit actually two cut-offs, one rep-
resenting the high ® surface component and the other one corresponding to
an area-averaged @ value. By combining Kelvin probe force microscopy and
electrostatic modeling, it is quantitatively demonstrated that the electrostatic
potential of the high ® areas leads to an additional energy barrier for the elec-
trons emitted from the low ® areas. Theoretical predictions of the induced
energy barrier dependence on the ®@-pattern length scale and sample bias are
further experimentally verified. These findings establish a solid base for reli-
able SECO interpretation of heterogeneous surfaces and improved reliability

of interfacial energy-level diagrams from UPS experiments.

1. Introduction

The electronic structure of functional materials and their inter-
faces as used in electronic and optoelectronic devices is decisive
for their fundamental function and efficiency. For instance, the
level offset between valence and conduction band edges at a
semiconductor heterojunction determines whether it facilitates
energy transfer or charge separation, and the energy difference
between an electrode's Fermi level and the frontier levels of a
semiconductor determines the efficiency of charge injection.
To select materials to achieve a targeted device functionality

and to optimize efficiency, researchers
and engineers often refer to published
material parameters, such as ionization
energy, electron affinity, and work func-
tion. These are then connected assuming
a constant electrostatic potential across
the interface (vacuum-level alignment),
resulting in a hypothetical energy-level
diagram of the device. While it is known
that numerous interfacial phenomena,
such as charge transfer,!?l bond forma-
tion,l and electron tail push-back,**! give
rise to electrostatic potential changes at an
actual interface of materials, the level esti-
mation assuming vacuum-level alignment
is a useful first-order approximation. This
requires that above-mentioned material
parameters are reliable. Nowadays, ultra-
violet photoelectron spectroscopy (UPS) is
the most frequently employed technique
to determine the work function (®) of
electronic and functional materials, and
with it as input also the ionization energy
and electron affinity (with an additional
inverse photoemission experiment). There are, however, unre-
solved issues regarding the reliability and fundamental under-
standing of @ determination with UPS, particularly with regard
to samples with inhomogeneous surfaces and nanostructured
materials. For example, a shift of ® upon variation of surface
composition could be interpreted as due to band bending,*-®l
and there are instances when more than one @ value could be
derived from UPS spectra.l® !l In this contribution, we attend
to these issues and provide experimental and theoretical insight
that will allow an improved use of ® as important material and
sample parameter.
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We start by recalling that @ of a surface is often defined as
the energy needed to bring an electron from the sample to the
vacuum level just above the surface.'>" In a UPS experiment,
the sample is irradiated with an ultraviolet photon beam, and
photoelectrons are emitted from the surface due to the photo-
electric effect.'®'”] By measuring the kinetic energy (Fy,) dis-
tribution of the photoelectrons with an energy analyzer, one
obtains direct information about the valence electronic struc-
ture, mostly from the higher E;, part of the spectrum. The
work function is determined by examining the low Ey;, part of
the spectrum, dominated by inelastically scattered electrons.
These secondary electrons appear as a high-intensity tail with
a sharp cut-off, corresponding to the electrons that have just
enough energy to leave the sample.l'8! It is this secondary-elec-
tron cut-off (SECO) that is used to determine the ® following
the relation ® = hv — W, where W is the width of the UPS
spectrum taken from the Fermi level to the SECO and hv is the
photon energy.l'4

This procedure of measuring ® is indeed reliable for homo-
geneous surfaces, such as clean metal surfaces. The different
@ for different crystalline surface orientations can be easily
measured.’®?% For heterogeneous surfaces, which exhibit
locally varying @, the situation is less clear and not unequivo-
cally understood. For instance, most studies only consider one
SECO corresponding to one area-averaged (or macroscopic)
work function value.'221-26 However, UPS measurements on
heterogeneous surfaces often reveal more than one SECO or
broad spectral distribution.>'!] Recently, Sharma et al. studied
heterogeneous indium-tin-oxide/Au and nanoroughened,
sol-gel-derived, polycrystalline ZnO surfaces by UPS. These
measurements revealed that contributions to the SECO are not
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proportional to the compound fraction on the surface and that
the lower ® material dominates the SECO shape.?”?8] Clearly,
the underlying fundamental mechanisms governing the emer-
gence of multiple cut-offs need to be unraveled. Specifically, we
need to understand under which conditions, e.g., for which lat-
eral dimensions and patterns, one or more cut-offs will emerge
in a SECO spectrum, and whether @ values from inhomoge-
neous surfaces are indeed quantitatively area-averaged.

To tackle these issues, we examined well-defined heteroge-
neous surfaces with @ varying periodically by =1 eV. These sur-
faces consist of (i) bilinear arrays of self-assembled monolayers
(SAMs) on gold with 4 um periodicity as schematically shown
in Figure 1a and (ii) gold—aluminum bilinear arrays with several
hundred micrometer periodicity. Microcontact printingl?%-!
was used as patterning technique for fabricating the SAM
bilinear arrays (Figure S1, Supporting Information). Those
were made of 1-hexadecanethiol (CSH) and 1H,1H,2H,2H-per-
fluorodecanethiol (FSH), which have oppositely oriented dipole
moments on gold*233 and can therefore be employed to obtain
a well-defined ® modulation when arranged in a bilinear array.

For these model systems, the UPS spectra systematically
show two SECOs, which are not just a superposition of the
spectra of the two pure single-component surfaces. We explain
that this is intrinsically related to the working principle of UPS:
in order to contribute to the SECO spectrum, a secondary elec-
tron does not only have to escape the sample, but it also has
to pass the electrostatic potential landscape between the sur-
face and the analyzer. More specifically, it is found that the
electrostatic potential due to the high ® areas strongly impacts
the electrostatic landscape above the low ® areas. This results
in an additional potential barrier above the low work function

1H,1H,2H,2H-perfluorodecanethiol - FSH
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Figure 1. a) Schematic illustration of a bilinear sample structure. Both SAMs are shown on the right. b,c) The KPFM potential map and the corre-
sponding potential line profile for a symmetric sample with 2 um line width, showing clear separation between the CSH and FSH stripes and a large
work function difference of =1.1 eV (CPD of CSH was set to O for better comparison). d,e) The appropriate height images, indicating a height differ-
ence of less than 1 nm between the two SAMs. f,g) The KPFM results for an asymmetric sample are shown, confirming a CSH to FSH ratio of =5/3.
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areas only and leads to an apparent averaged work function.
This is supported by electrostatic modeling and Kelvin probe
force microscopy (KPFM), and we provide a comprehensive
model that allows predictions on how lateral surface variation
and dimensions, as well as the bias applied to the sample,
together determine the SECO spectrum, which enables
increased confidence in material parameters derived from UPS
studies.

2. Results and Discussion

2.1. Experimental Results

An important parameter for microcontact printing is the time
of conformal contact between the stamp soaked with thiol and
the sample. Symmetric bilinear arrays with a periodicity of
4 um were fabricated by CSH stamping for 50 s followed by
FSH backfilling. Additionally, an asymmetric array with 4 pm
periodicity and a CSH/FSH area ratio of =5/3 was produced
by stamping CSH for 10 min. Figure la shows a scheme of
the symmetric bilinear array of CSH and FSH SAMs as well
as the chemical structures of CSH and FSH. As displayed in
Figure 1b-e, frequency modulated (FM) KPFM was used to
measure the contact potential difference (CPD) and topographic
maps of the 4 um bilinear arrays. The bright regions of the CPD
map correspond to FSH and the dark regions to CSH, respec-
tively. The extracted line profile demonstrates a sharp transi-
tion between the two regions and a work function difference of
about 1.1 eV. We also note that the corresponding topography
images presented in Figure 1d,e show a difference in height
between the two SAMs of <1 nm. Therefore, any remaining
crosstalk of topography with the CPD signal can be neglected.
The measured CPD contrast is in excellent agreement with the
work function difference for pristine CSH (®¢gy = 4.4 eV) and
FSH (®psy = 5.5 €V) SAMs on gold as obtained by UPS (see
Figure 2). The KPFM results for the asymmetric bilinear array
are shown in Figure 1f,g. It can be clearly seen that the CSH
regions are larger and the FSH regions smaller as compared
to the symmetric arrays shown in Figure 1b,c, while the same
CPD is maintained.

The SECO spectra of the 4 pm symmetrically and asymmet-
rically patterned samples are shown in Figure 2a together with
the reference SECO spectra of the pristine SAMs in Figure 2b
for comparison. The full-range spectrum is shown in the inset,
indicating that the SECO features are much sharper than fea-
tures in the valence band region. For both patterned samples,
two SECOs are observed. The intensity of the low E;, SECO
located at 4.95 eV for the symmetric arrays and at 4.7 eV for
the asymmetric arrays dominates the spectra, as materials
with lower work functions have a higher secondary-electron
yield.3+-3% This is in good agreement with the relative intensi-
ties measured for pristine CSH and FSH samples, shown to
scale in Figure 2b for comparison. The high E;, SECO, which
appears as an asymmetric shoulder, is located at =5.5 and
5.4 eV for the symmetric and asymmetric arrays, respectively.
Interestingly, the SECO at higher E, is at the same energy
as that of pure FSH SAMs (see Figure S2 in the Supporting
Information for detailed fits). In contrast, the low E;, SECO is
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Figure 2. a) SECO spectra of symmetric and asymmetric 2 um samples.
The low kinetic energy cut-off is clearly shifted compared to pure CSH
(reference spectra of pristine SAMs shown to scale in b)), whereas the
high kinetic energy cut-off is at the same position as the one from the pris-
tine FSH. For the asymmetric sample (larger CSH area), the low kinetic
energy cut-off is shifted to lower kinetic energies. For detailed fitting,
see Figure S2 in the Supporting Information. The full-range spectrum is
shown in the inset in (a). The cut-off features are clearly sharper than the
valence band features. A —10 V bias was applied for all measurements.

observed at 0.5 eV (symmetric array) and 0.3 eV (asymmetric
array) higher E, than the SECO of the pure CSH SAMs.
Therefore, the observed SECO spectra of the patterned samples
are not simply a superposition of the pure reference spectra
but consist of (a) a SECO reflecting the pure high ® material
(FSH on Au) and (b) a SECO due to the low ® material whose
energy Ejy, corresponds to an area-averaged sample work func-
tion such that Eyy, = a-@csy + (1 — a) Prsy, where a is the
percentage of area covered with CSH.?l Equivalent results
were obtained for samples with a smaller periodicity of 1.2 um
(Figure S3, Supporting Information), supporting the expected
length-scale invariance (at least) in the micrometer regime.
Further details about length-scale dependence will be provided
in the next section. It is important to point out that the SECO
spectra do not consist only of a single, averaged SECO as often
proposed in literature. The fact that the SECO at high @ is
often missed or disregarded in UPS analysis of heterogeneous
surfaces might be due to its low relative intensity,?”) as high ®
materials exhibit notoriously low secondary-electron yields.>”!
Moreover, we want to mention that the width of the transition
region between CSH- and FSH-covered areas and the corre-
sponding work function change is expected to play a role for
the shape and the observation of a second SECO in the spec-
trum. If the transition region is not sharp, a spatially distrib-
uted continuous range of intermediate work functions will lead
to a blurred SECO spectrum with no distinct features down to
the low @ cut-off. We suspect this to be the likely reason why in

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the SECO spectra of (incrementally deposited) sub-monolayer
films, it is common to observe one (low @) SECO only.

The energy of the measured two SECOs can be explained by
taking into account the potential landscape between the sur-
face and the analyzer as experienced by a secondary electron
leaving the sample surface and travelling to the detector. In the
present study, this potential landscape is mostly a result of the
alternating dipoles of the SAMs on the sample surface. In the
next section, we experimentally and theoretically address the
potential profile above the surface by means of KPFM and elec-
trostatic calculations in order to determine the potential barrier
for the photoelectrons as occurring in an UPS experiment.

2.2. Potential Landscape above the Surface

The UPS SECO provides a measure of the potential barrier
experienced by the secondary electrons, but does not provide
a detailed picture of the potential landscape. In order to locally
determine the electrostatic potential above the sample surface,
we performed a series of KPFM measurements with varying
tip-sample distances going from 50 to 1200 nm by steps of
50 nm. For the 4 um symmetric array, the corresponding poten-
tial line profiles are displayed as a contour plot in Figure 3a, in
which the x-axis represents the direction perpendicular to the
orientation of the array and the y-axis corresponds to the tip-
sample distance. Note that in this graph, the average of each
measured potential profile line was set to zero for comparison
with electrostatic calculations. At the lateral positions of —4, 0,
and 4 um, the potential is dominated by the CSH SAM stripes
positioned below, while at the lateral positions of —2 and 2 um,
the FSH SAM stripes dominate the potential directly above
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Figure 3. a) Contact potential difference (CPD) between tip and sample
obtained from KPFM measurements as a function of position and lift
height of the tip. The CSH (blue) and FSH (red) stripes can be clearly
differentiated, and the potential converges to an average value for large
lift heights. b) The theoretical electrostatic potential above the bilinear
array, obtained by solving the Laplace equation, is shown as a function of
lateral position and distance from the surface. The dipole difference was
set to 1.1 eV for comparison with experiment. The results are in excellent
agreement.
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the surface. However, with increasing tip-sample distance, the
potential approaches an average value above the whole sample
surface. This potential mapping can now serve as benchmark
for theoretically addressing the electrostatic potential, which
is calculated above a periodic arrangement of stripes with
different potentials corresponding to CSH and FSH and by
solving the Laplace equation (for details, see the Experimental
Section and Figure S5, Supporting Information). For compa-
rability, we use a dipole difference of 1.1 eV as obtained from
UPS measurements of the reference samples. The calculated
potential is presented in Figure 3b and is in excellent agree-
ment with the potential landscape obtained by KPFM. Clearly,
this result suggests that the potential far away from the surface
converges to an (area) averaged value of the surface potentials
above the CSH and FSH stripes.

For the UPS measurements of the symmetric array, this value
would correspond to a work function of l'(GDCSH + Ppgy) =
4.95 eV, in excellent agreement with the experimental observa-
tion (Figure 2a). Theoretically, this means that secondary elec-
trons with energy ranging between 4.4 and 4.95 eV could in
principle escape the surface via the CSH-covered regions. How-
ever, these secondary electrons will not be able to overcome the
increasing barrier above the surface and thus cannot reach the
analyzer.

Similarly, in Figure 4a, we report the calculated potential
(including a —10 V sample bias as usually used in UPS meas-
urements to clear the analyzer work function and a sample/
analyzer distance of =3.5 cm) above the center of the symmetric
CSH and FSH stripes as a function of the distance normal to
the sample surface. First, it can be seen that the potential above
the FSH stripes decreases continuously away from the surface.
This means that the electrons emitted from the FSH stripes
have to overcome a potential barrier of 5.5 eV, which is equal to
the work function of pristine FSH. In contrast, due to the influ-
ence of the potential of the adjacent FSH stripes, the potential
above the CSH stripes increases away from the surface leading
to an additional potential barrier AD¢gy of 0.55 eV. Analog cal-
culations for the asymmetric pattern (Figure 4a) show that the
potential barrier remains unchanged for the electrons coming
from the FSH stripes. For CSH, as a result of spatial averaging,
the potential barrier is lowered to =4.8 eV (with AD¢gy = 0.4 eV)
as compared to the symmetric structure, in accordance with the
UPS measurements (Figure 2a).

In general, this means that the energy of the high work func-
tion SECO is independent on the heterogeneity of the surface
and is solely determined by the work function of the pristine
material, whereas for the low work function areas, electrostatic
effects lead to the so-called area-averaging effect.

One interesting question that arises is how this averaging
behavior changes with varying feature size. Having demon-
strated the good agreement between the electrostatic calcula-
tions and the experimental results, one can now investigate
theoretically the amplitude of the potential barrier for varying
feature sizes and measurement parameters. For work function
measurements in UPS, a bias of a few volts is typically applied
between the sample and the analyzer, in order to make sure
that the secondary electrons can overcome the work function
of the analyzer. As shown qualitatively by Helander et al.,l*®
this bias results in an electric field that will alter the potential

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED ADVANCED
MATERIALS
rsicstrenems o INTERFACES

www.advmatinterfaces.de

6.0 5.0
a 2 pm stripe size —— symmetric CSH =
r >
55 symmetric FSH )
= = — —asymmetric CSH = 4.9
2 S — —asymmetric FSH 8
= -~
E 50 e ) =]
= - e—e—————— < o
2 —----FFF bl " 8 z
& s == - ;mm 2 4.8 g
= =
40 % g
"0 1 2 3 &) 4.7 é,?
surface distance from surface [pum] detector ——= L |
0 1000 2000 3000 2 =
o s 46 5
. d
2000 pm stripe size —— symmetric CSH g 2
_ 55 —— symmetric FSH _§ %
> a\ —
2, = 0lf —.—E= 0Vem'! \ 145
E 50 1 € ——E= -3Vem'
: 3 \
2, & o0k — = E=100vem™ ~_ _ _ _ _ _ 44
1 10 100 1000
4.0 stripe size [pm]

Figure 4. a) The calculated potential above the CSH stripes (blue) and the FSH stripes (red) for symmetric (2 um each, solid lines) and asymmetric
(1.5 um FSH, 2.5 um CSH, dotted lines) bilinear structures with an applied electric field of =3 V cm™ is shown as a function of distance normal to the
surface. Due to the larger CSH area, the potential barrier above the CSH stripes A®cgy is lowered by 150 meV for the asymmetric structure. b) The
calculated potential above a symmetric structure with a 2 mm stripe size and the same applied electric field as in (a). The applied electric field lowers
ADsy markedly for this stripe size as compared to (a). ¢) The potential barrier above the CSH stripes ADy as a function of the stripe size is shown
for a symmetric bilinear system. The measured work function of the CSH is not changed for stripe sizes larger than 3 mm (for E=-3 V cm™). For
smaller stripe sizes, the measured CSH work function increases due to the influence of the potential landscape, until it converges to an averaged work
function for stripe sizes smaller than 10 um. For higher applied electric fields, the influence of the potential landscape on the measured work function
becomes significant only for smaller stripe sizes.

landscape between the sample surface and the analyzer. This ~ work function); (b) for decreasing stripe size down to =10 um,
additional potential can be easily taken into account in our cal-  the influence of the potential landscape emerging from the
culations as a superposition to the potential emerging from the  striped structure becomes increasingly important, leading to
SAM stripes. When including a bias of —10 V and a sample/ the formation of the potential barrier A®cgy, which would
analyzer distance of 3.5 cm, for the 4 um patterned samples  shift the low kinetic energy SECO to higher kinetic energies;
as in Figure 2a, the resulting potential barrier A®Dcgy is basi-  (c) below 10 um, the potential barrier A®¢gyy has reached satu-
cally found unchanged as compared to unbiased samples (not  ration and the work function as measured in UPS corresponds
shown). In contrast, the bias can play a major role for larger  to the spatially averaged work function amounting to 4.95 eV.
pattern periodicities as exemplarily presented in Figure 4b for  For larger electric fields, the influence of the potential landscape
a sample with 2 mm stripe size. One can clearly see how the  on the measured work function in UPS becomes significant for
applied electric field impacts the potential and decreases the  smaller stripe widths, e.g., averaging starts only below 100 um
additional barrier A®gyy (responsible for the apparent aver-  for an electric field of 100 V cm™ as depicted in Figure 4c
aging effect) above the CSH stripe to only =0.1 eV as compared  (dashed line). These calculations suggest that the measurement
to 0.5 eV for the sample with 2 um stripe size. This would result ~ parameters, such as applied bias and sample/analyzer distance,
in a strong quenching of the averaging effect and a shift of the ~ should have an effect on the lateral averaging.

low kinetic energy SECO to 4.5 eV. In Figure 4c, we present the To demonstrate the influence of the applied electric field on
dependence of the barrier above the CSH stripes as a function  the measured work function, we fabricated bilinear arrays with
of the stripe width (for symmetric samples) when no electric  either 500-500 um or 250-200 um stripe width by evaporating
field is involved (zero bias) and for two applied electric fields of  gold on aluminum through shadow masks (due to the lack of
-3 and —100 V cm™. First, without any applied bias, it is found  stamps with this large size). Such large stripe sizes are indeed
that the potential barrier above the CSH is independent of the  needed to clearly observe the influence of the applied bias on
stripe width and corresponds to the averaged work function of  the measured SECO (see Figure 4c). The work functions of
4.95 eV (Figure 4c, dash-dotted line). The situation changes the pure materials were determined to be ®,, = 4.50 eV and
noticeably when a sample bias is taken into account, as the = @, = 3.55 eV after air exposure, in good agreement with the
potential barrier then varies with stripe width. With an applied 1 eV work function difference as determined by KPFM on the
field, the curves exhibit three regions as exemplarily discussed  striped samples (Figure S4, Supporting Information). Selected
for an electric field of —=3 V cm™! (Figure 4c, solid line) in the ~ SECO spectra of the 500-500 um sample are shown exemplarily
following: (a) for stripe sizes larger than 3 mm, the applied elec-  for three different biases in Figure 5a. It can be seen that, as for
tric field completely compensates the emergence of the poten-  the CSH/FSH samples, each spectrum consists of two SECOs
tial barrier A®cgy above the CSH stripes, leading to a SECO  at =4.5 and =3.8 eV due to gold and aluminum, respectively.
at 4.4 eV in a UPS spectrum (corresponding to pristine CSH  This first demonstrates, in agreement with the calculations for
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Figure 5. a) Secondary-electron cut-off (SECO) of a 500-500 um Au-Al-striped sample for
three different applied biases. The cut-off corresponding to Al shifts to lower kinetic ener-
gies with increasing bias, whereas the cut-off corresponding to Au remains constant. b) Work
function shift of the Al cut-off (compared to 3 V applied bias) as a function of applied bias for
500-500 um Au/Al-striped structures (black) and 250-200 um Au/Al-striped structures (red),

both measured (symbols) and calculated (lines).

sample bias of =10 V cm™ as in Figure 4c, that even for such
large patterns, an additional potential barrier A®,; (in analogy
to ADcgy in Figure 4a,b) still persists but does not result in a
fully averaged situation. More precisely, it is found that when
increasing the bias, the aluminum-related SECO shifts to lower
kinetic energies (after subtraction of the applied bias), while
the gold-related SECO remains markedly at constant energy.
This shows that the difference in the apparent work function
between the two materials is bias-dependent and indicates a
reduction of A®, above the aluminum stripes for increasing
external electric field. A summary of the measured aluminum
SECO shifts (due to changes in A®,)) as a function of applied
bias is shown in Figure 5b for both stripe widths. As further
displayed in this figure, the change of the potential barrier as
calculated from Equation (5) is in excellent agreement with the
experimental results. This clearly demonstrates the influence of
the applied bias on the SECO measurements by UPS on het-
erogeneous surfaces.

3. Conclusion

We fabricated model work function-patterned surfaces with
lateral periodicity ranging from 4 um to 1 mm and =1.1 eV ®
difference. These heterogeneous ® surfaces were characterized
by UPS and KPFM experiments. In contrast to the common
assumption that heterogeneous surfaces should show only one
area-averaged SECO in UPS, two SECOs appear. We explain
this phenomenon and find that the high E;, SECO provides
an accurate measure of the high ® material. In contrast, the
low Ej, SECO is not representative of the low @ material,
but exhibits a value that depends on the low/high ® materials
area ratio. The twofold SECO energies are explained by the
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the additional energy barrier A®. This also
demonstrates the generality of our results.
These findings have major implications for
the reliable interpretation of work function
measurements with UPS, particularly for
multicomponent inhomogeneous surfaces
and micro- to nanostructures. First, ® meas-
urements are an important part of deter-
mining the origin of electrostatic potential
changes across an interface formed by electronic materials, and
therefore understanding @ variation as surface composition-
dependent parameter is crucial. Second, reliable ® values are
essential to derive meaningful ionization energy and electron
affinity values of materials, which directly impact the quality of
material selection during the design of electronic and optoelec-
tronic devices.

4. Experimental Section

Materials: Sylgard 184 silicone elastomer together with the
curing agent for standard polydimethylsiloxane (PDMS) stamps
were purchased from Dow Corning (USA). For the preparation of
composite or so-called h-PDMS (“hard” PDMS)B? stamps, following
chemicals were purchased from abcr (Germany): vinylmethylsiloxane-
dimethylsiloxane trimethylsiloxy terminated copolymer, viscosity
800-1200 cSt, 7-8 mol% vinylmethylsiloxane (CAS: 67762-94-1);
platinum—divinyltetramethyldisiloxane complex in xylene (2.1-2.4% Pt,
CAS: 68478-92-2); 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane
(CAS:  2554-06-5); (25-35% methylhydro-siloxane)—dimethylsiloxane
copolymer, viscosity 25-35 ¢St (CAS: 68037-59-2).

CSH and FSH were purchased from Sigma Aldrich. Ethanol, toluene,
and 2-propanol were analytical grade purchased from VWR chemicals.
Thiol solutions with desired concentrations were prepared using ethanol
as a solvent.

Substrate Preparation: Silicon wafers with thermally grown oxide
were cut into of 3 x 3 cm? pieces and served as substrates. The
substrates were cleaned in ultrasonic bath for 5 min in both acetone
and isopropanol. Subsequently, they were dried and transferred to the
evaporation chamber. After deposition of 2 nm of Cr as adhesion layer
(rate of =0.2 As™"), 100 nm of Au were evaporated at the rate of =5 As™
in a dynamic vacuum of 2 X 1077 mbar. The substrates were then used
for microcontact printing without any further surface treatment.

Bulk SAM Preparation: Bulk grown SAMs serve as reference for
microcontact printing. They were prepared by immersing substrates in
either CSH solution (0.1 x 107> m) or FSH solution (10 X 1073 m). The

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED

www.advancedsciencenews.com

same concentrations were chosen as used for microcontact printing.
After 24 h, the substrates were taken out of the solution and rinsed with
ethanol, toluene, and 2-propanol, and blown dry using nitrogen. It was
noted that the immersion time is not critical. A high-quality SAM could
already be achieved after 1 h. All the preparations were performed in
ambient.

Microcontact Printing of CSH-FSH SAMs Bilinear Arrays: In order to
prepare bilinear arrays of CSH and FSH SAMs, a h-PDMS stamp was
immersed in CSH solution (0.1 X 1073 m). After 1 h, the stamp was blown
dry and then brought in conformal contact with the substrate. Gentle
pressure was manually applied. In the contact regions, CSH molecules
diffused from the h-PDMS stamp to the substrate and self-assembled
on the Au. After =50 s, the h-PDMS stamp was manually detached,
before the substrate was rinsed with ethanol, toluene, and 2-propanol
to remove any loosely attached molecules.*? In the second step, the
patterned substrate was immersed in FSH solution (10 X 1073 w) to
backfill the remaining uncovered Au surface.*l After 1 h, the substrate
was rinsed again with ethanol, toluene, and 2-propanol and blown dry.

Aluminum—-Gold  Bilinear ~ Arrays:  Al-Au-striped samples were
fabricated by first depositing an aluminum film from a metal boat on
a glass substrate. A 10 nm gold film was then evaporated on the Al
sample through a shadow mask. The pressure during evaporation of
both materials was in the 10 mbar range. The samples were exposed
to air before being measured by UPS and KPFM.

KPFM: KPFM on bilinear arrays was performed using a Bruker
Dimension Icon Scan. The instrument was operated in PeakForce KPFM
mode. This mode performed measurements using FM and lift mode. All
the measurements were performed using SCM-PIT probes, which had a
steep tip with platinum—iridium coating. The tip diameter is 20 nm and
the cantilever spring constant is 2.8 Nm™'. The sample was grounded by
electrically connecting the Au electrode to the chuck using copper tape.
The standard lift scan height for all samples was 60 nm.

UPS: All UPS measurement were conducted at the Humboldt
Universitat zu Berlin, using a multitechnique UHV apparatus consisting
of an interconnected sample preparation and analysis chamber (base
pressures of 1 x 10~ mbar and 1 x 107'% mbar). For excitation, the He
| radiation of a helium gas discharge lamp (21.21 eV) was used and the
photoelectrons were detected using a Phoibos 100 hemispherical energy
analyzer. The resolution of the analyzer was determined by measuring
the Fermi-edge of a clean gold crystal and was about 0.2 eV for the
setting used in this study. The SECOs were measured with an applied
bias of =10 V to clear the analyzer work function and a sample/analyzer
distance of =3.5 cm. The sample was perpendicular to the analyzer during
the measurements, which is crucial according to Helander et al 8.
The finite acceptance angle of the analyzer (<15°) does not influence the
obtained results.

The different work functions of the samples were determined by
fitting the SECOs according to

Iseco (E) ~ H(E—Eo)x G(E)e2E 0

where H(E — Eg) x G(E) was the convolution of a Heaviside step function
with a Gaussian function, which accounted for the steep rise in intensity
for kinetic energies higher than the work function, and e72€ accounted for
the background. A similar expression was suggested by Ogawa et al.*l
and had proven to work well for determining the work function from
SECO spectra. For more complex systems, like the ones investigated in
this study, the background is more complicated. However, this formula
could still be used to determine the different work functions with a
reasonable precision (=50 meV). The work function was determined
from the intersection of a linear extrapolation of the steep edge with the
background as typically done in photoelectron spectroscopy.

Electrostatic Modeling: The theoretical electrostatic potential ¢(x,z)
of a bilinear array with periodicity L, an area ratio between the different
potentials 7, and a negative applied bias AV between the sample and the
analyzer (see Figure S5 in the Supporting Information for illustration)
was derived by solving the Laplace equation
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Ap(x,7)=0 @)

with the Dirichlet boundary conditions

¢ (x,0)=AD pulse(L,n) (3)

0 (x,d)=AV )

where A® was the WF difference between the two SAMs (1.1 eV, taken
from UPS reference measurements), pulse(L,n) was a pulse function
with the periodicity L and a potential area ratio 71, and AV was the
applied voltage between the sample and the analyzer at distance d.
The solution of Equations (2)—(4) was derived by using the method of
separation of variables as described in detail for example by Olver.** For
the Laplace equation in Cartesian coordinates, this yielded the general
solution

sinh 2n7(d—z)
sd L
o(x,2)=Y.b,

n=1 sinh(znztd)

©)

where the coefficients b, were given by the Fourier series of the boundary
condition (3). For a pulse function, this is given by

b, :A<I)»n+21‘%sin(mm)~cos(27znx) (6)
n=
- . . . AV .
Combining Equations (5) and (6) and a linear potential —-Z resulting
from the applied bias between sample and analyzer, a final result shown
below was obtained for the potential above a periodic work function
pattern

qD(x,z)=Ad—vz+Ad>~n

+2%sin(m7m) . cos(
n=1

For calculations shown in this work, n = 100 was used, which was
found to yield converged solutions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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