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Abstract  

The functionality of interfaces in hybrid inorganic/organic (opto)electronic devices is 

determined by the alignment of the respective frontier energy levels at both sides of the 

heterojunctions. Controlling the interface electronic landscape is a key element for achieving 

favourable level alignment for energy and charge transfer processes. Here, we show that the 

electronic properties of polar ZnO surfaces can be reversibly modified using organic 

photochromic switches. By employing a range of surface characterization techniques 

combined with density functional theory (DFT) calculations, we demonstrate that self-

assembled monolayers (SAMs) of photochromic phosphonic acid diarylethenes (PA-DAE) 

can be employed to reversibly change the electronic properties of polar ZnO/SAM structures 

by light stimulus. The highest occupied molecular orbital level of PA-DAE is raised by 0.7 eV 

and the lowest unoccupied one lowered by 0.9 eV, respectively, upon illumination by 

ultraviolet light and the levels shift back to their original position upon illumination by green 

light. Our results thus provide a pathway to tailor hybrid interface electronic properties in a 

dynamic manner upon simple light illumination, which can be exploited to reversibly tune the 

electrical properties of photo-switchable (opto)electronic devices.   
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1. Introduction 

Photochromic molecular switches, such as diarylethenes (DAEs),[1] azobenzenes,[2] and 

spiropyrans[3] have attracted increasing attention in the past years. These molecules switch 

reversibly upon light stimulus between two isomers that have different electronic properties. 

Employing such switches in photo-addressable interlayers[4-7] allows to dynamically tailor the 

energy level alignment in multi-component systems over a wide range, and hence to optically 

control electronic properties, for instance with respect to the charge injection.[10,11]  

Among the several families of photochromic switches, DAEs show promising potential 

due to their high fatigue resistance and thermal bistability.[12,13] Previous studies on interfaces 

between thin films of organic semiconductors and DAE switches proved the viability of 

interfacial energy level tuning through light illumination.[8,9] The photo-switching reversibly 

modifies the frontier energy levels of DAE, which results in a significant difference of several 

100 meV between the highest occupied molecular orbital (HOMO) level of the open and 

closed isomers.[8,9] Furthermore, DAE switches in the form of a self-assembled monolayer 

(SAM) grafted to metal electrodes could effectively modulate the current in organic field-

effect transistors (OFET) by forming resonant or non-resonant tunnelling barriers for 

charges.[14]  

In this contribution, we extend the application of photochromic switches to hybrid 

organic/inorganic interfaces by considering a metal oxide semiconductor as inorganic 

component. We demonstrate that the energy level modification upon light-induced switching 

can also be applied to ZnO, which is a superior wide-gap semiconductor due to its high 

electron mobility, high structural quality, and easy processibility, and can serve as transparent 

electrode when highly doped.[15,32] To form a dense and stable SAM on the surface of ZnO we 

employ a solution-based approach that has proven to result in covalently bound moelcules on 

metal oxides. We synthesized the phosphonic acid DAE (PA-DAE) derivative shown in 

Figure 1a for the assembly on ZnO crystal surfaces, i.e., Zn-terminated ZnO(0001) and O-



4 

 

terminated ZnO(000-1). The molecule comprises a dithienylcyclopentene for the DAE part, 

which is substituted with a benzylphosphonic acid as an anchoring group on one side and a 

bis(trifluoromethyl)phenyl group on the other side, presumably providing better fatigue 

resistance during multiple switching cycles (for synthesis details, see supporting 

information).[12] The interface composition, electronic structure, and switching properties 

were investigated by photoemission spectroscopy and substantiated by density functional 

theory (DFT) calculations. The chemical bonding of the phosphonic acid linker was retrieved 

from the deconvolution of O1s core level spectra, indicating the formation of mixed bidentate 

and tridentate binding. The quantification of core level spectra supports the presence of a 

densely packed SAM on both ZnO surfaces. After the formation of the SAM, we observe a 

significant work function increase, which is attributed to the introduction of a surface dipole, 

as supported by DFT calculations. Upon in situ illumination with UV and green light for 

inducing the switching process, respectively, the SAM valence levels change substantially, 

foremost, the highest occupied molecular orbital (HOMO) level of PA-DAE shifts by 0.7 eV 

with respect to the Fermi level (EF). Our findings prove the feasibility of light-controlled 

energy level alignment tuning at hybrid organic/inorganic interfaces and open up the 

possibility to fabricate multifunctional optoelectronic devices based on ZnO that employ light 

as remote stimulus. 

 

2. Results and discussion 

2.1. Photo-switching of the molecules  

The switching properties of PA-DAE was first characterized by ultraviolet-visible (UV-

vis) spectroscopy. As shown in Figure 1b, the spectrum of PA-DAE in its open form (PA-

DAE-o) exhibits an absorption maximum in the UV region. Upon UV light illumination at a 

wavelength of 365 nm for 60 s, the shape of the spectrum changes dramatically with the 

appearance of new absorption features in the green wavelength region (560 nm), indicating 
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the formation of closed PA-DAE molecules (PA-DAE-c). The switches were then illuminated 

with green light (565 nm) in order to trigger a ring-opening reaction. After 60 s of green light 

illumination, the absorption peak in the green region disappeared completely, indicating that 

the PA-DAE was back to its open forms with very high switching efficiency. We performed 

time-dependent DFT calculations (see Figure S1) to further rationalize these experimental 

observations. The results predict that the lowest absorption peak lies at 580 nm for PA-DAE-c 

and 330 nm for PA-DAE-o, respectively, in consistency with the experimental data. 

Additionally, the calculations indicate that the HOMO and LUMO (lowest unoccupied 

molecular orbital) of the isolated PA-DAE shift by 0.7 eV and 0.8 eV (see Table S1), 

respectively, between the open and closed isomers. 

 

2.2. Surface morphology of the SAM  

The SAMs were fabricated by following previously established procedures.[15] We 

adopted three deposition cycles of PA-DAE on ZnO to increase both the coverage and the 

homogeneity of the monolayer being formed. At the same time, this minimizes the surface 

etching effect due to short immersion time in solution. Figure 2 shows AFM images of the 

clean ZnO(0001) surface before (Figure 2a-c) and after (Figure 2d-e) SAM modification. The 

height image of the clean ZnO surface in Figure 2a exhibits the presence of atomically flat 

terraces. A line scan over several terraces (Figure 2b) points to step-heights of multiple Zn-O 

layer heights (ca. 2-4 h, in which h is half of the unit cell height), as typically observed for 

polar ZnO crystal surfaces.[20]  

After SAM modification, the surface terrace features of the ZnO are still clearly 

observable in the height image (Figure 2d). This indicates that the surface modification is 

achieved without apparent etching of the surface. Furthermore, the homogenous phase image 

indicates a uniform coverage by the PA-DAE SAM. Water contact angle measurements were 

carried out in order to obtain further information on the coverage of the SAM on ZnO. As 
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shown in Figure 2f, the contact angle of the ZnO surface is significantly modified by the SAM, 

and it is increased from 46.5º±1.5º to 101.3º±2.0º. According to Cassie’s law,[21] the static 

contact angle satisfies the equation (1):   

SAM ref ZnO ZnOcosθ (cosθ -cosθ )+cosθf                                                                             (1) 

Where f denotes the surface fractional coverage of the SAM; SAM the contact angle of the 

SAM modified ZnO, ref and ZnO are the contact angle of the complete reference layer and 

the bare ZnO, respectively. Since no reference data for a complete monolayer of the PA-DAE 

SAM exist, we assume a reference angle of dense SAMs of similar fluorine-terminated PA 

SAMs, which is more than 120º,[21, 22] we thus estimate f of ca. 70% for our PA-

DAE/ZnO(0001). Analogous results (with f = 68% coverage) were found for PA-DAE 

modified ZnO(000-1), for which the typical ZnO terraces also remain after PA-DAE 

modification (Figure S3). The estimated coverages for the PA-DAE SAMs on both polar ZnO 

surfaces are in agreement with those of other phosphonic acid based SAMs,[15, 22] supporting a 

compact monolayer on both polar surfaces (note that the molecular footprint area of DAE is 

larger than that of the reference SAM molecules used for estimating f above). 

 

2.3. Bonding and electronic properties of the SAM on ZnO 

X-ray photoemission spectroscopy (XPS) was performed to further characterize the 

quality of the SAMs and to confirm proper covalent bonding of the PA-DAE molecules on the 

ZnO surfaces. Zn 3s and P 2p core level regions are displayed in Figure 3a. The spectra were 

obtained using synchrotron radiation, setting the photon energy such that the photoelectrons 

are emitted with a kinetic energy of ca.100 eV, which ensures the highest surface sensitivity. 

The bottommost Zn 3s spectrum is that of bare ZnO(0001); fitting (with one symmetric Voigt 

peak) locates the Zn 3s core level at ~140 eV. For the sake of conciseness, only the Zn 3s core 

levels of ZnO(0001) are shown since for ZnO(000-1) the spectral features are fully 
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analogous.[23] After SAM modification, the intensity of the Zn 3s peak is strongly attenuated 

for both polar ZnO surfaces (central and topmost spectra, respectively). The P 2p core level 

appears as rather sharp peak at 133.3 eV, attributed to the chemisorbed PA-DAE monolayer. 

An additional P 2p component is observed at higher binding energy (135.0 eV), which can be 

attributed to the presence of a small amount of physisorbed multilayers (both components 

fitted with Voigt profiles). Comparing the P 2p peaks for both ZnO surfaces, one observes a 

slightly lower contribution from physisorbed multilayers of PA-DAE on the ZnO(000-1) 

surface compared to ZnO(0001). Moreover, by analysing the peak areas of Zn 3s and P 2p, 

one can estimate the molecular density of PA-DAE molecules on ZnO (see Equation S7 for 

the analytical expression). This yields 2.2±0.6 molecules nm-2 on ZnO(0001) and 2.1±0.6 

molecules nm-2 on ZnO(000-1), respectively. These values are reasonable in comparison to 

the packing density reported for dense alkyl and quaterthiophene phosphonic acid SAMs 

(with a smaller footprint area per molecule compared to DAE) on SiO2 of ca. 5.4 nm-2 and 4 

nm-2, respectively.[30] Also, our calculated densities are comparable to those of other 

phosphonic acid based SAMs, e.g., a ca. 2 molecules nm-2 coverage was reported for 

fluorinated alkyl and aromatic phosphonates on ZnO; due to the smaller footprint area of 

these molecules compared to DAE probably not densely packed SAMs.[15,16] Such a surface 

coverage can also be found when using the core level spectra of F 1s and Zn 3p (Figure S6 

and Equation S8), as measured with a photon energy of 1486 eV (Al Kα). The quantification 

of the core level spectra provides thus further evidence for densely packed SAMs on both 

polar ZnO surfaces. 

O ls core level spectra were measured for studying the bonding of the SAMs on ZnO. As 

shown in Figure 3b, for identifying the different components in the O 1s core level region, 

we employed a fit model previously used by Timpel et al,[15] who observed differently bonded 

phosphonic acid on ZnO, i.e., mixed bidentate and tridentate. In analogy, we use the same 

binding energy for the individual core level components for our fit. The fitting of our spectra 



8 

 

reveals two coexisting binding modes of the phosphonate anchoring group to the ZnO surface. 

For the bare ZnO(0001) surface (bottom panel), one main peak at ~531 eV with a shoulder at 

~532.5 eV is observed. The main peak is attributed to bulk oxygen, whereas the shoulder with 

30 % of the peak area is attributed to surface hydroxyls (-OH).[23,24] After SAM modification, 

the intensity of O 1s from ZnO is markedly attenuated. The fitting of the O 1s spectrum 

(middle panel) identifies components at ~532.0 eV and ~533.0 eV binding energy, 

respectively, supporting the presence of both bidentate and tridentate binding. The peak area 

ratio of the tridentate to bidentate binding is ca. 2:1, indicating that the PA-DAE SAM on 

ZnO(0001) is preferentially bound as tridentate. Using the same procedure, for the PA-DAE 

modified ZnO(000-1), the same ratio (2:1) between tridentate and bidentate binding is 

obtained. However, the spectrum exhibits a relatively higher O 1s peak intensity from the 

bulk ZnO oxygen component compared to that of ZnO(0001). This indicates a weaker 

overlayer attenuation, which can be attributed to slightly lower SAM coverage in this case. 

 

To characterize the valence electronic properties of the SAM, ultraviolet photoelectron 

spectroscopy (UPS) measurements were performed. Figure 4 shows the UPS spectra of the 

bare and PA-DAE modified ZnO surfaces. The work function (ϕ) and onset of the valence 

band maximum (VBM) for the clean ZnO(0001) surface are 3.7 eV and 3.3 eV binding 

energy, respectively (see Figure 4a). The deposition of the PA-DAE SAM (originally in the 

open configuration) increases ϕ by 1.2 eV to 4.9 eV, as seen from the secondary electron cut-

off (SECO); the low binding energy onset of the HOMO of the PA-DAE SAM is found at 1.5 

eV binding energy. The SAM was then exposed in situ to UV light to induce switching from 

the open to the closed form. This resulted in substantial changes of the SAMs’ valence 

features. A new low binding energy spectral feature with an onset at 0.8 eV binding energy 

emerged after 180 s UV light illumination (see the violet lines in Fig. 4). This feature can 

unambiguously be attributed to the HOMO of PA-DAE-c molecules since similar changes 
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were observed for other DAE derivatives.[9] The HOMO level shift by 0.7 eV is also in 

quantitative agreement with the DFT calculated change of the HOMO level (0.7 eV) of a 

single molecule (vide infra). Subsequent illumination of the sample with green light results in 

a ring-opening reaction, which is manifested in UPS spectra by the disappearance of the peak 

with its onset at 0.8 eV, restoring the valence region spectral appearance to that observed 

initially with the HOMO level onset at 1.5 eV binding energy. Comparing the two spectra of 

the open form (violet lines), it is unlikely that quantitative repetitive photoswitching is taking 

place, presumably due to steric hindrance[9] or radiation (UV,VUV) induced 

photodegradation[26] in the densely packed monolayer. Notable SECO shifts were not detected 

during the photo-switching processes, which evidences that photo-switching has negligible 

impact on the work function. Subsequent repeating illumination by UV light (300 s) switched 

the SAM back to its closed isomer state as evidenced by fully reproducing the previously 

observed valence electronic features of PA-DAE-c. This implies that the SAM can be 

reversibly switched by simple light illumination at different wavelengths. The same switching 

also occurs for PA-DAE on ZnO(000-1) (see Figure 4b), for which the initial ϕ of the ZnO 

surface is 4.2 eV, and increases to 4.9 eV after the deposition of the SAM. Upon UV light 

illumination photo-switching is induced, resulting in a shift of the HOMO onset from 1.5 eV 

to 0.8 eV binding energy. However, the spectral features of the PA-DAE in the valence region 

are not as pronounced as on ZnO(0001). This might be related to some damage due to long 

time exposure to the HeI light during these photoemission measurements,[9,25,26] which could 

give rise to relatively poor switching yield on ZnO(000-1). 

We summarize in Figure 5 the interfacial energy level alignment derived from UPS for 

the frontier energy levels of PA-DAE with respect to the two polar ZnO surfaces. For the 

unoccupied energy levels, the conduction band minimum (CBM) of the ZnO crystal is 

calculated according to its energy gap (3.4 eV);[31] the lowest unoccupied molecular orbital 

(LUMO) level of PA-DAE is obtained by referring to the transport gap of similar DAE 
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derivatives[9] as measured by inverse photoemission spectroscopy. The valence band 

maximum (VBM) of the bare ZnO(0001) and ZnO(000-1) is located 3.3 eV and 2.9 eV below 

the Fermi level, respectively, in line with literature values.[32] The deposition of the PA-DAE 

SAM increases the work function of ZnO(0001) by 1.2 eV and that of ZnO(000-1) by 0.7 eV 

due to interface dipoles (further discussed below). For each isomeric form, PA-DAE exhibits 

the same level alignment with respect to EF of the two ZnO polar surfaces. The energy 

difference between the HOMO of PA-DAE and the VBM on ZnO is significantly modulated 

by light illumination (increased by 0.7 eV going from the open to closed form). In parallel, the 

level offset between the LUMO and the CBM of ZnO is reduced by 0.9 eV going from the 

open to closed form.  

 

2.4. Theoretical calculations of the SAM/ZnO interfaces 

Theoretical modelling was performed at the DFT level in order to further understand the 

electronic properties of the ZnO/PA-DAE SAM interfaces. The geometry optimization of the 

isolated PA-DAE molecules was carried out in Gaussian09 with the PBE functional. The total 

dipole moments (μtot) of the isolated PA-DAE-o and PA-DAE-c molecules are calculated to 

be -4.5 and -4.7 Debye (Figure S8 and Table S3), respectively. Such small changes should 

translate into a modest work function shift upon photo-switching, in line with our finding in 

experiment that  did not change notably upon switching. PA-DAE molecules were then 

grafted onto the ZnO surface to analyse the work function shift and valence electronic 

properties of the hybrid system in detail. According to the experimentally calculated coverage 

on both ZnO surfaces (see Figure S7), the surface of the unit cell is built by adding 50% of -

OH on ZnO(0001) by hydroxylation of Zn atoms and 50% of hydrogen on ZnO(000-1) by 

hydrogenation of the terminal oxygen atoms. The adsorption of PA-DAE on hydroxyl-

passivated ZnO(0001) or hydrogen passivated ZnO(000-1) is realized by removing one -OH 

and filling the vacancy with PA-DAE-o or PA-DAE-c molecule with a tridentate or bidentate 
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binding. In this process, the leaving H from the PA reacts with the -OH desorbed from the 

surface to release a water molecule (see Figure S11).[29] Thus, in the bidentate mode, one 

hydrogen atom remains attached to the phosphor while the other is removed to form a water 

molecule. In the tridentate mode, the hydrogen left on the phosphor migrates to the ZnO 

surface to generate the three Zn-O bonds (see Figure S11). First, we calculated the adsorption 

energies for different binding geometries in order to evaluate the stability of SAMs on ZnO. 

This was done at the DFT/PBE level using periodic boundary conditions in order to create an 

infinite two-dimensional slab (see Methods Section for more details about the calculations 

and the slab). The adsorption energies displayed in Table S4 are calculated according to 

equations S11 and S12 by comparing the difference between energies of the product (SAM + 

H2O) and the sum of the energies of the free isolated molecule and free bare ZnO. This shows 

that the tridentate configuration is more stable by 1.4 eV per molecule than the bidentate form, 

which is reasonable in view of the additional Zn-O bond formed.[28] The higher stability of the 

tridentate bindings agree with the O 1s spectra (see Figure 3b), indicating that more tridentate 

species are observed. The co-existence of bidentate and tridentate motifs is thus probably 

driven by kinetic rather than thermodynamic effects.  

As described in previous studies,[27,29] the modification of the work function originates 

from a vacuum level shift generated by a dipole moment perpendicular to the surface due to 

the adsorption of the SAM. The surface dipole can be attributed to three different 

contributions: (i) the formation of a bond dipole (BD) at the ZnO/PA-DAE SAM interface 

due to charge reorganization; (ii) the intrinsic dipole (VSAM) of the molecular backbone of 

the adsorbed SAMs, and (iii) the desorption of the OH group and possible surface structural 

relaxation effects upon chemisorption (ϕZnO). Taking into account these contributions, the 

total work function change (ϕ) between the SAM-covered ZnO and the bare ZnO substrate is 

given by: 
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SAM ZnOBD V                                                                                           (2) 

Figure 6 summarizes the charge density distribution ρ upon SAM formation along the 

z axis and the resulting BD potential for PA-DAE on ZnO(0001) and ZnO(000-1). ρ is 

calculated by the following Equation: [29, 33-34] 

SAM H ZnO molΔρ=ρ +ρ -ρ -ρ                                                                                               (3) 

where SAM represents the charge density of the full ZnO/PA-DAE interface in its final 

geometry, ZnO that of the ZnO surface in its final geometry (without a hydrogen attached for 

the bidentate geometry and with for the tridentate binding) after removal of the SAM (and 

without the hydroxyl initially removed); mol the charge density of the neutral molecule and 

H the charge density associated to the hydrogen atom frozen in its position within the 

molecule prior to its elimination for the bidentate geometry, together with the density 

associated to the hydrogen atom transferred to the surface for the tridentate geometry. On that 

basis, the BD potential is evaluated by solving the Poisson equation 2

0

-Δρ
V(z)=

ε
  as the 

difference between V on both sides of the slab, for both the tridentate and bidentate modes. 

The profiles of ρ show that a charge transfer occurs from the ZnO slab to the PA-DAE 

molecule. This charge transfer is localized between the top of the ZnO surface and the 

anchoring PA group of the SAM and rapidly decays in both adjacent regions, thus pointing to 

the formation of a covalent bond. The integral of ρ profiles yields a larger charge transfer for 

the tridentate adsorption mode compared to the bidentate mode (Figure S12); a Bader charge 

population analysis indicates that the amount of charge transfer is 1.1 |e| for the tridentate 

binding and 0.7 |e| for the bidentate binding on both ZnO slabs (Table S5). Switching the PA-

DAE between its open and closed forms does not significantly impact the amount of charge 

transfer, which implies that the magnitude of BD is weakly affected (around 0.2 eV) for a 

given binding mode (see Figure 6). To calculate the backbone contribution (VSAM) to the 
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total work function shift, we consider an isolated monolayer of PA-DAE molecules with the 

same geometry as that on the ZnO surface and with hydrogen atom(s) added to make the 

system neutral; we then compute the plane-averaged electrostatic potential across this organic 

layer. For evaluating ϕZnO, we rely on the equation 'ZnO bare     , where ϕbare is the work 

function of the relaxed ZnO surface originally covered with 50% of -OH or hydrogen atoms 

(see also Figure S10) and ϕ' is the work function of the ZnO slab after removal of the SAMs 

and of the transferred hydrogen in the case of the tridentate binding (there is thus one less OH 

group on the ZnO surface when computing ϕ'. The total work function shifts and its three 

components are summarized in Table 1. The small variation of VSAM between the tridentate 

and bidentate is related to an orientational change of the molecular backbone during the 

relaxation process. Considering the ratio of tridentate to bidentate binding derived from XPS 

(Figure 3b), the average work function difference (ϕavg) is calculated on ZnO(0001) to be 1.2 

eV for the PA-DAE-c SAM and 1.3 eV for the PA-DAE-o SAM. The results match the 

experimental data very well in a quantitative manner and confirm that no obvious work 

function changes take place during the photo-switching. Interestingly, the similar values of ϕ 

for the bidentate and tridentate modes result from a cancellation of the changes in BD and 

ϕZnO. On ZnO(000-1), ϕavg for both PA-DAE-o and PA-DAE-c SAMs is calculated to be 

0.7 eV, in full agreement with the UPS results. The calculated ϕavg on ZnO(000-1) is 0.5 eV 

smaller than on ZnO(0001) due mostly to a different surface reconstruction upon SAM 

grafting (ϕZnO).  

 

3. Conclusion 

Phosphonic acid substituted DAE molecular switches were covalently bound to polar 

ZnO surfaces [ZnO(0001) and ZnO(000-1)] in the form of self-assembled monolayers; the 

photochromic monolayer is then used to reversibly modify the electronic properties at the 

hybrid interface by light stimulus. A comprehensive characterization of the clean and 
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modified ZnO by contact angle, AFM and XPS allows us to conclude that a densely packed 

monolayer of PA-DAE is formed on both polar ZnO surfaces. The chemical binding at the 

interface was confirmed in mixed bidentate and tridentate form by the deconvolution of core 

level (O 1s) XPS spectra. After SAM formation, the work function measured by UPS 

increased by 1.2 eV for ZnO(0001) and 0.7 eV for ZnO(000-1), respectively. The work 

function increase is due to the bond dipole localized at the phosphonate, the change of the 

ZnO surface charge distribution due to water release due to bond formation, and the molecular 

dipole moment, as retrieved from DFT calculations. Upon alternating illumination with 

ultraviolet and green light, respectively, we observe sizeable energy shifts for the HOMO and 

LUMO levels of the PA-DAE molecules with respect to the Fermi level of ZnO, 0.9 eV for 

the LUMO and 0.7 eV for the HOMO. This can be exploited to reversibly switch the energy 

level alignment at hybrid ZnO/PA-DAE interfaces in device structures by optical means. 

 

 

4. Methods Section  

The switching properties of the PA-DAE switch in solution were characterized with UV-

vis measurements, which were performed in a PerkinElmer Lamabda 950 spectrometer. 

ZnO single crystals (purchased from Crystec) were annealed in a tube furnace (Carbolite, 

TZF 12/38S) filled with clean air (20% O2 in N2, H2O<3 ppm) atmosphere at 1000 0C for 2h 

in order to obtain well-defined crystal terraces with ultra-smooth surfaces. After annealing, 

crystals were sputtered with Ar-ions in the vacuum to remove surface phosphorous 

contaminations. 

The adsorption of SAMs were carried out by immersing the ZnO crystal into a 1 mM 

solution of the PA-DAE switch (in the open form) in THF (anhydrous) for two hours, and 

subsequently annealed in air at 90 0C on a hot plate for 40 min and then sonicated in THF for 

30 min. The preparation procedure was repeated for two more times in order to achieve a 
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densely packed monolayer of PA-DAE. During the whole preparation process, samples were 

either kept in dark or exposed to low-intensity visible light to avoid unintended switching.  

X-ray photoemission spectroscopy (XPS) and ultraviolet photoemission spectroscopy 

(UPS) were performed at the BEAR end station (BL8.1L) of the ELETTRA synchrotron 

facility in Trieste (Italy). Photoelectrons were collected with a hemispherical electron energy 

analyzer in normal emission geometry. The Zn 3s with P 2p, C 1s, and O 1s core electron 

regions were measured with photon energies of 265, 390, and 640 eV, respectively. In this 

way, the kinetic energy of photoelectrons was kept at ~100 eV in order to probe similar 

sample depth and maximize surface sensitivity. The binding energy of core electrons were 

referenced to the Au 4f7/2 level (84.0 eV), which was obtained from a clean Au surface. To 

minimize beam damage or beam-induced switching of molecules, we used attenuation filters 

(thin Sn and Ag foils) to reduce the photon flux on the sample. By analyzing the C 1s peak 

(Figure S4 and Table S2), no X-ray induced switching or damage of the SAMs was detected. 

The valence electron region and survey of core electrons were characterized with He I 

(h=21.2 eV, with Al-foil filter) and Al Kα (h=1486.6 eV, with a power of only 30 W) line 

in a custom-made UHV system. Considering a typical spectrum acquisition time of 5 min, 

unintentional photoswitching of molecules can be ruled out, based on a prior report.[9] The 

secondary electron cutoff (SECO) spectra were recorded with samples biased at –10 V to 

clear the analyzer work function. The Fermi level is referred to as the zero binding energy in 

all the UPS and XPS spectra. Spectra were fitted with a pseudo-Voigt function (linear 

approximation of the Voigt profile) after subtracting the Shireley background with CasaXPS. 

The surface morphology of samples was measured using a Aotomic force microscope (AFM) 

equipped with a  Bruker Dimension FastScan system in tapping mode. 

 For switching, the samples were irradiated in situ during UPS measurements through a 

viewport on the ultra-high vacuum chamber with green ( centered at 565 nm) or UV ( 

centered at 365 nm) light, which are provided by high power LEDs (purchased from 
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Thorlabs) mounted with an adjustable collimator. The measured maximum photon intensities 

for the green and UV light are ca. 200 mWcm-2 and 100 mWcm-2, respectively. 

Theoretical calculations were performed at the DFT level. The optimized geometry and 

ground-state electronic properties (frontier orbitals and dipole moment) of the isolated 

molecules were obtained using the Perdew-Burke-Ernzerhof functional, both with pure (PBE) 

[35] and hybrid (PBE0)[36] functionals, and a 6-31G(d) basis set.[37] Time-dependent density 

functional Theory (TD-DFT) calculations were performed to simulate the absorption spectra 

and assess the nature of the relevant electronic excited states[38] using the same basis set and 

the PBE0 functional. All calculations in the gas phase were performed with the Gaussian 09 

software.[39] On the other hand, the electronic properties of the SAM (work function 

modification and photo-switching induced energy level tuning) were described using the 

SIESTA 4.0 (Spanish Initiative for Electronic Simulations with Thousands of Atoms) 

computational code, with periodic boundary conditions (PBC) in order to generate an infinite 

two-dimensional slab.[17,18] The valence electrons are described here by using the Linear 

Combination of Atomic Orbitals (LCAO) approximation and a Double Zeta Polarized (DZP) 

basis set; the valence-core interactions are described by Troulier-Martins pseudopotentials.[19] 

DFT calculations on interfaces were performed within the generalized gradient approximation 

(GGA) by using the PBE exchange correlation functional. The mesh cut off used is 190 Ry. 

The unit cells of polar ZnO faces are similar to those previously investigated.[27,28] The 

supercell of the ZnO slab (wurtzite) was chosen according to the surface density of the PA-

DAE SAMs (2.2±0.6 nm-2, ca. 45 Å2 for one PA-DAE molecule). We built an orthogonal 

structure made of 12 layers (shown in Figure S9) with its a and b lattice vectors of 9.75 Å and 

5.63 Å, respectively. The surface and bottom part of the ZnO slab are covered with -OH 

groups and H atoms with 50% of coverage to prevent the “metallization effect”[28] and reflect 

the actual experimental conditions. Dipole-dipole interactions inside the unit cells possibly 

triggered by the use of periodic boundary conditions are also compensated by applying a 
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dipole correction in the unit cell along the z-axis. This leads to a zero-electric field and a flat 

electrostatic potential in the vacuum region (see Figure S10). The calculated band gaps for 

ZnO(0001) and ZnO(000-1) slabs are 0.8 and 1.0 eV (Figure S10), respectively; this is too 

much smaller compared to experimental gaps around 3.4 eV, though without strong 

implications for the present purpose. For all calculations, a (2×3×1) Monkhorst-Pack k-point 

grid[39] was used for describing the electronic structure in the first Brillouin zone. In order to 

fasten the geometry optimization, we freeze the bottom 6 layers and let only the top 6 layers 

relax. To calculate ϕ and its related shifts, we choose the conduction band minimum (CBM) 

as the quasi-Fermi level due to the n-doped nature of ZnO in the actual samples. ϕ was 

defined as vac cE E   , in which Evac is the value at which the electrostatic potential reaches a 

plateau above the surface.  
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Figure 1. (a) Chemical structure of the phosphonic acid diarylethene (PA-DAE) molecule in 

its open and closed form. (b) Change of the UV-vis absorption spectra of PA-DAE in THF 

solution upon illumination with UV (=365 nm) and green (=565 nm) light until reaching 

the photostationary state; the illumination time for UV and green light was 60 s each.   

 
Figure 2. (a) AFM height and (c) phase images of the bare ZnO(0001) surface. (b) Cross-

section along the line in Figure 2(a). (d) AFM height and (e) phase images of the PA-DAE-o 

modified ZnO(0001) surface. (f) Water contact angles on ZnO(0001) and PA-DAE 

SAM/ZnO(0001). 
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Figure 3. (a) Zn 3s and P 2p (b) O 1s core level spectra (background subtracted) of the 

unmodified (bottom panel), PA-DAE-o modified (middle panel) ZnO(0001), and PA-DAE-o 

modified (top panel) ZnO(000-1). The corresponding sample representation is illustrated in 

(c).  

 

 
Figure 4. UPS spectra of the PA-DAE SAM on (a) ZnO(0001) and (b) ZnO(000-1) upon 

illumination cycles of UV and visible light (see main text). The left panel displays the SECO 
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spectra. The middle and right panels show the survey and zoom-in of the valence regions, 

respectively. The binding energy (BE) is set to zero at the Fermi level (EF). 

 

 

 
Figure 5. Schematic energy level diagrams of (a) ZnO(0001)/PA-DAE and (b) ZnO(000-

1)/PA-DAE interfaces. The energy positions of the vacuum level (Evac) and HOMO (VBM) 

relative to EF were determined by UPS measurements; the CBM for both polar ZnO surfaces 

was obtained by adding the electronic gap.[31] The LUMO onsets of PA-DAE-o and PA-DAE-

c SAMs were obtained by assuming the known transport gap of related DAE derivatives.[9] 

Since the molecular backbone is decoupled from the phosphonic acid anchoring group by a 

methylene unit (see Figure S2), similar electronic properties are obtained for the molecules in 

solution and grafted on ZnO. 
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Figure 6. Plane averaged charge density difference () and corresponding bond dipole (BD) 

potential. The positions of the topmost Zn layer in ZnO and the O layer in PA-DAE are 

indicated by the vertical dashed lines. c-tridentate refers to PA-DAE-c in tridentate binding 

and c-bidentate to PA-DAE-c in bidentate binding. The same terminology is used for the case 

of o-tridentate and o-bidentate. 
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Table 1. Individual contributions to the total work function shift (ϕ) upon deposition of PA-

DAE SAMs. The average values (ϕavg) of ϕ are calculated by considering the ratio of 

tridentate to bidentate binding derived from XPS (Figure 3b). All values are in eV. 

 VSAM BD ϕZnO ϕ ϕavg 

On 
ZnO(0001) 

     

c-tridentate 0.8 2.6 -2.2 1.2 

1.2 

 

c-bidentate 0.7 2.8 -2.3 1.2 

o-tridentate 0.8 2.8 -2.2 1.4 
1.3 

o-bidentate 0.7 2.7 -2.3 1.1 

 

 
On  
ZnO(000-1) 

     

c-tridentate 0.8 2.4 -2.5 0.7 
0.7 

c-bidentate 0.7 2.6 -2.7 0.6 

o-tridentate 0.7 2.6 -2.5 0.8 
0.7 

o-bidentate 0.7 2.5 -2.6 0.6 
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The table of contents entry 

Reversible changes in the energy level alignment of the frontier orbitals of photochromic 

PA-DAE SAMs on polar ZnO faces are observed upon illumination with UV and green 

light. The findings provide a pathway in controlling the charge injection properties in photo-

switchable devices dynamically through a simple light stimulus. 
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