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Abstract

Tailoring the work function of functional layers in an optoelectronic device is an important means for
performance improvement, as it results in changes in charge extraction or recombination. One way to
proceed is to adsorb molecules with varying dipole moment strength and sign. In this communication,
the surface of anatase TiO. is modified using different self-assembled monolayers (SAMs) (4-
chlorobenzoic acid, 4-nitrobenzoic acid, 4-methoxybenzoic acid, and B-alanine) and the energetics at
the interface is determined using a series of photoelectron spectroscopy techniques, namely ultraviolet
photoelectron spectroscopy (UPS), X-ray photoelectron spectroscopy (XPS), and inverse photoemission
spectroscopy (IPES). The observed changes in work function are correlated to the dipole moments of
the respective acids, calculated by density functional theory. Finally, the relevance of this interfacial

engineering for controlling the charge extraction from an optoelectronic device is illustrated.
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Titanium dioxide (TiO2) layers are widely employed in the fast-developing field of emerging
optoelectronic devices [1-11]. Their surface can be modified through self-assembled monolayers
(SAMs) for the improvement of the interface between the metal oxide and semiconductors, thereby
increasing the performance of devices [1,2,4-9,11-15]. One example here is the employment of SAMs
on TiO; in perovskite solar cells (PSCs).[7,13,15-21] In our previous work, we investigated various

SAMSs based on benzoic acid derivatives, and were able to show that the chlorine terminated one causes
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a distortion in the perovskite lattice due to the terminal chlorine atom binding to the lead. It resulted in
an improved structural continuity between the perovskite and the TiO- layers and then a higher PSC
performance compared to the untreated solar cells. [13,21]

Beyond the structural changes at the interface, the dipole moment of the SAMs also play an important
role by affecting the work function (Wf) [22,23] which is a key factor impacting the energy level
alignment at the interface.[3,13] By tuning this parameter, the charge extraction or recombination at the
contact can be controlled and the performance of optoelectronic devices are directly affected.[17,22,23].
For instance, Zuo and co-authors studied the effect of SAM modification of ZnO on the performance of
PSCs. They could show that the reduced work function introduced by the SAMs enhanced the charge
extraction and thereby increased the photocurrent in devices. In addition, the charge recombination at
the interface was also reduced, which was ascribed to the passivation of trap states. [17] Lu and co-
authors studied the effect of SAMs on a perovskite layer. They found that the modification of the
perovskite surface with SAMs could change the interfacial dipole and band alignment and thereby
facilitate charge-transfer. [22]

Acid based SAMs are also of great interest since they bind to the oxide surface by means of their
acid functional groups [24-27] and present a rather good stability.[30,31] They are attached to TiO- by
their carboxylate group in a bidendate bridging mode.[5,32,33] In the case of rutile TiO,, both of their
oxygen atoms bind an adjacent pair of surface 5-fold-coordinated Ti atoms.[32,33] Johansson et al.
investigated changes in energy levels at the interface between TiO, a dipole molecule (benzoic acid or
4-nitrobenzoic acid), and a polymer. Using XPS, they observed that the relative binding energy positions
of S2p core level (originating from the polymer layer on top) versus Ti2p scales with the dipole moment
of the adsorbed molecules [3].

In our previous work, we used a series of benzoic acid derivative SAMs on TiO; to improve the
performance of organic-based UV-photodetectors. [5] The investigated acids were three para-substituted
benzoic acid derivatives: 4-chlorobenzoic acid (CBA), 4-methoxy benzoic acid (MBA), and 4-nitro
benzoic acid (NBA) completed by the B-alanine amino acid (also called 3-aminopropanoic acid and
noted ALA). We were able to confirm the formation of the monolayer on the surface and investigated
the changes in open circuit voltage (Vo) and short circuit current (Jsc) of the respective devices.

To further analyze and understand the underlying reasons for the changes in device performance, a
specific study of these SAMs/TiO; interfaces has been conducted in this communication using three
different photoelectron spectroscopy techniques. The electronic structures and energy band levels of
these systems have been fully unveiled. Here, we find an excellent correlation between the
experimentally measured changes in work function and the calculated dipole moments of the SAMs.
Furthermore, based on these data, we have been able to correlate the changes induced by the SAMs to

the performance of our organic-inorganic UV-photodetectors.
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Figure 1: (a) Schematic molecular structure of the studied SAMs bonded to the anatase TiO; surface.
From left to right: 4-chlorobenzoic acid, 4-nitro benzoic acid, p-alanine and 4-methoxy benzoic acid.
White ball: hydrogen, grey: carbon, red: oxygen, blue: nitrogen and green: chlorine. (b) Cross-sectional
SEM view of Glass/FTO/c-TiO2/meso-TiO2/SAMs. The left inset shows the morphology of meso-TiO,
surface, and the right inset is a zoom view of the c-TiO; layer cross-section.

A scanning electron microscopy (SEM) cross-sectional view of the anatase TiO, mesoscopic
substrate is presented in Figure 1. The sample consisted of a compact TiO; (c-TiO2) layer deposited by
spray pyrolysis on fluorine-doped tin oxide (FTO), topped by a mesoporous TiO; (meso-TiOy) layer,
deposited by spin-coating.[34,35] This structure underwent an annealing treatment at 500°C prior to be
put in contact with the acids dissolved in solution to form the SAMs as described in the Experimental
Section (Supporting Information). The investigated acids were : 4-chlorobenzoic acid (CBA), 4-
methoxy benzoic acid (MBA), 4-nitro benzoic acid (NBA) and B-alanine (ALA) (Figure 1a). The
thickness of the c-TiO; layer is estimated at 20 nm while the thickness of the meso-TiO: layer ranges
between 120-150 nm. The diameter of the TiO, nanoparticles is around 30 nm. A top view image of the
meso-TiO, surface is included as inset in Figure 1b. We checked that the TiO, morphology was not
affected by the attachment of the SAM layers to the surface, as shown in the Supporting Information
(Figure S1). It should be noted that such meso-TiO; structures exhibit large surface areas and can
therefore adsorb more dipolar SAM molecules compared to planar films.

The combination of various photoelectron spectroscopy techniques allowed us to fully characterize
how the different SAMs affect the electronic structure of the mesoscopic TiO, surface. Figure 2a

summarizes the UPS measurements of the pristine meso-TiO; and of the acid-modified surfaces. The
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left panel shows the high energy cutoff region from which the work function, Wf, was extracted (Wf =
hv (21.22 eV) — Ecuorr): the values are listed in Table 1. The cutoff region signal is dominated by the
properties of the topmost layer and therefore shows how the SAMs modify the position of the vacuum
level on the surface. On the other hand, the valence band region, in the right panel of Figure 2a, is rather
dominated by the strong TiO; valence band feature starting at around 3.6 eV. To extract the signal
originating from the SAMs, the spectra were modified by subtracting the pure meso-TiO- (black curve)
from the SAM-covered measurements. For each data set, the intensity of the meso-TiO signal for
subtraction was adjusted to yield the best result, which was judged from the symmetry and Gaussian
shape of the remaining SAM related density of states signal. The resulting curves are displayed in Figure
2b. Even though this procedure might introduce some errors, the spectra look very reasonable and can
be used to extract the values for the hole injection barriers (Exomo i.€. the highest occupied molecular
orbital (HOMO) onsets relative to Er) which is then used to calculate the ionization energy (IE) values
of the SAM molecules (IE= Exomo + WF): the measured values are listed in Table 1. The analysis of
TiO, was not only done by UPS, but also by using inverse photoelectron spectroscopy (IPES) which
allowed us to determine the position of the conduction band (CB). The spectrum is shown in Figure S2
(Supporting Information) and the extracted value of 0.15 eV above Er is included in Table 1. IPES of
the SAM-covered surfaces was not possible due to the comparably high noise level of the technique that
makes it impossible to reliably detect the weak monolayer signals, so the position of the lowest
unoccupied molecular orbital (LUMO) cannot be determined. As these SAM layers are very thin (here
the thickness is lower than 1 nm), charge carriers should be able to tunnel through, so the LUMO

positions will likely not affect the charge transport significantly.
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Figure 2 (a) UPS spectra of bare TiO2 and SAMs modified TiO; (hv=21.22 eV). (b) Same UPS spectra
of the HOMO region after subtracting the signal originating from TiO: in order to identify the DOS
originating from the SAM layers.
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Table 1. Energy level values extracted from the UPS measurements (Figure 2), IPES measurements
(Figure S2, Supporting Information), and XPS measurements (Figure 3b). Note that the values of

VBrio2, CB Tio2, Eg, Tio2, and Enomo,sam are given with respect to Er.

Compound | p 2 Wi VBrio2 Enomo, sam | CBrio2 IE/EA (eV) | Es, Tio2
O |V |V | EV) (eV) (eV)
meso-TiO, | 0 3.8 3.57 0.15eV 7.3713.65 459.09
MBA -0.50 | 3.69 3.44 713/ -- 459.07
NBA 2.22 4.27 2.37 6.64 / -- 458.89
CBA 0.89 4.08 3.00 7.08/-- 459.09
ALA 0.12 3.88 3.94 7821 -- 459.13

2 From Ref.[5]

The data obtained by UPS shows that the SAMs introduce significant changes in surface Wf, lowering
its energy by ~ 110 meV for MBA and increasing it for the other SAMSs, with a maximum shift of ~ 470
meV for NBA. This effect of Wf change can be correlated with the normal component of the dipole
moments (p.) of the various SAMs, which have been calculated using density functional theory (DFT)
analysis. This parameter varied from -0.50 D (MBA) to 2.22 D (NBA).[5] The work function change

can be expressed by the Poisson’s equation:

Wf ==kt )

&réo

where N is the surface dipole density, & is the dielectric constant and € is the permittivity of free space.
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Figure 3. (2) UPS-derived work function Wf of the different SAMs adsorbed onto TiO- plotted against
the calculated normal dipole moment ;. (b) XPS core level signals of Ti 2p. The data (open circles) is
fitted by two Voight profiles (colored line) corresponding to the 2p1», and 2ps, Signal. The position of
the latter one is indicated in the graph and listed in Table 1 as Eg, Tioz.

To verify this trend, Figure 3a shows the change in measured surface Wf as a function of calculated
K. value and confirms, within the uncertainty of the measurements, a linear relationship. The slope
obtained by fitting is about 0.21 eV/D. The total change in Wf is around 0.58 eV, which is rather large
and therefore provides a convenient way to adjust the energy level alignment at such an interface and
thereby the charge carriers transferred into devices. Intriguingly, we observed that this shift in vacuum
level is not a mere step in the local vacuum level due to the electric field across the SAM layer, but that
to some degree also the electronic structure of the underlying TiO; is affected by the SAM’s dipole. This
is an indication for a charge transfer at the surface which was observed in additional XPS measurements
of the Ti 2p core level signals. As can be seen in Figure 3b, MBA, CBA, and ALA SAMs do not
significantly alter the Ti core level positions at the surface. However, we found that the modification by
NBA, which has the strongest dipole moment, leads to a significant shift by ~ 200 meV towards lower
binding energy. If there is a shift in the core level energy levels of TiO, then the valence band levels
can be expected to do the same.[36] This approximation, as well as the other data from Table 1, are used
to draw an energy level diagram of the surfaces treated with the different SAMs in Figure 4. We can
note that for NBA, the total Wf shifts extracted from Figure 2a is divided into a contribution
corresponding to shifted surface energy levels of TiO,, as determined from the change in core level
position shown in Figure 3b, and a step in the local vacuum level. For all other samples, the change in
TiO; core level is negligible. It can be seen, that the meso-TiO; is strongly n-type which is well-known

from other UPS studies and makes this material a good electron extraction layer.[37] The MBA SAM
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caused a vacuum level down-shift due to its negative dipole moment while ALA, CBA, and NBA SAMs
caused a vacuum level up-shift due to their positive dipole moments.

We then correlated these changes in work function with the performance of test devices containing
a wide bandgap p-type organic semiconductor, Spiro-OMeTAD, and a gold anode, as previously
published by us for application in UV detectors.[5]. The short circuit current (Jsc) and open circuit
voltage (Voc) generated under UV-light illumination (A = 365 nm) are given in Table S1 (Supporting
Information). Remarkably, the Jsc parameter clearly scales with the dipole moment in the order of MBA
< ALA < control < CBA < NBA. Here, the highest Jsc of 1.51 mA/cm? is found for NBA with its positive
interface dipole shift of +0.47 eV, while MBA, which showed the negative dipole shift of -0.11 eV is
unfavorable for the extraction of photogenerated electrons (Jsc = 0.75 mA/cm?). This clearly indicates
that charge extraction can be facilitated or hindered by this energy step and a high Wf SAM is
advantageous for high Js.. On the other hand, for the open circuit voltage, the observed order was the
reversed, meaning that higher surface Wf led to a lowering of Vo in the order of ALA > MBA > control
> CBA > NBA. This can be explained by a reduction in quasi Fermi level splitting within the organic
layer when the Fermi level is shifted within the band gap towards the HOMO due to the change in Wf
by the underlying SAM.[5,38] Therefore, Jsc and Vo cannot be optimized simultaneously and the choice

must be guided by the final operating mode.
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Figure 4. Energy level alignment of the different SAMSs/TiO, systems, sketched using the data extracted
from the UPS, IPES, and XPS measurements. The shaded area labeled surface indicates changes taking
place due to the application of the SAM layer, i.e. changes in in TiO energy levels (grey labels) as well
as step in the local vacuum level position (colored labels).

In summary, we have described a step-by-step method to construct the energy band diagrams of
SAM/TIiO, systems by combining the measurements of three different photoelectron spectroscopy

techniques. Our experiments show that steps in the local vacuum level, i.e. interface dipoles, are
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introduced by the SAMs and that the resulting total changes in Wf correlate with the dipole moment of
the SAMs. These Wf changes range from -0.11 eV to +0.47 eV, relative to the pure TiO; layer, and
directly affect the Jsc and V¢ values of simple organic-inorganic hybrid test devices. The present analysis
technique can be applied to other oxide/SAMs systems. Our results draw a clear picture of how the
dipole moment of a SAM affects an interface and can thereby influence charge extraction and and built-

in potential in optoelectronic devices.

Supplementary Material
Experimental section; FE-SEM of pristine and treated mesoporous TiO, layer; UPS and IPES spectra of
TiO,; Effect of SAMSs on Js: and Vo of a photodetector.
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