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Abstract:   

The electronic structure of inorganic semiconductor interfaces functionalized with extended 

π-conjugated organic molecules can be strongly influenced by localized gap states or point 

defects, often present at low concentrations and hard to identify spectroscopically. At the same 

time, in transparent conductive oxides such as ZnO, the presence of these gap states conveys the 

desirable high conductivity necessary for function as electron-selective interlayer or electron 

collection electrode in organic optoelectronic devices. Here, we report on the direct 

spectroscopic detection of a donor state within the band gap of highly conductive zinc oxide by 

two-photon photoemission spectroscopy. We show that adsorption of the prototypical organic 

acceptor C60 quenches this state by ground-state charge transfer, with immediate consequences 

on the interfacial energy level alignment. Comparison with computational results suggests the 

identity of the gap state as a near-surface-confined oxygen vacancy. 
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I. Introduction 

Conductive thin ZnO films have attracted significant attention in recent years for use in 

organic and hybrid organic-inorganic electronics because of their wide band gap (~3.4 eV), high 

electrical conductivity, earth abundance, and ease of fabrication processes compatible with 

organic semiconductor materials, including sol-gel, atomic layer deposition (ALD) and epitaxial 

growth.1–3 Inverted organic photovoltaic cells exploit ZnO and its inherent n-type conductivity in 

combination with the wide band gap to act as a hole-blocking / electron-selective layer between 

an organic active layer and a transparent electrode typically made from indium tin oxide (ITO).1–

3  This selectivity for charge carrier injection/extraction at the interface is critical for improved 

device functionality and efficiency of organic optoelectronics.1,4  Recent results indicate that the 

fundamental interactions that determine energy level alignment at the organic / inorganic 

interface are considerably different from the paradigmatic organic / metal interface.5–8  In 

particular, though defects and dopants are generally thought to convey the n-type conductivity 

observed in ZnO, their precise role and nature is at present still controversial and unclear.9–12  

ZnO native point defects have been extensively studied as a means of understanding the 

intrinsic n-type nature of bulk ZnO. Photoluminescence (PL),9,13 electron paramagnetic 

resonance (EPR),13–16 and deep level transient spectroscopy17–20 have all been used to uncover 

the nature and electronic structure of the various point defects. Three species in particular have 

been widely discussed as candidates for the pervasive n-type nature of ZnO: oxygen vacancies 

(Ov), zinc interstitials (Zni), and atomic hydrogen.9,11,21–23   

Much less is known however regarding the electronic structure and role of point defects and 

dopants in the near-surface region of ZnO. Only a few studies have investigated the role of 
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surface defects on the electronic structure, and an understanding of the impact of surface and 

near-surface defects on hybrid organic / inorganic semiconductor interfacial electronic structure 

and charge transfer is only starting to emerge.5,10,24–28 Most of these studies have relied on 

indirect methods for experimental detection of near-surface gap states, somewhat impeding a full 

understanding of the importance of gap states on the interfacial electronic structure of highly 

conductive ZnO surfaces functionalized by organic semiconductor adsorbates.5,24,26  

Here we show for the first time that two-photon photoemission (2PPE) spectroscopy can be 

used on highly conductive, polycrystalline thin ZnO films fabricated by plasma-enhanced atomic 

layer deposition (peALD) to directly reveal a density of states (DOS) located within the ZnO 

band gap.  2PPE accesses both ground and excited states, and is readily tunable over a range of 

photon energies that span the band gap. By careful choice of excitation energies that make 

photoemission from the valence band maximum impossible, our measurements select uniquely 

for states within the ZnO bandgap and situated in the near-surface region.   

Our study allows a comparison to current models of the surface electronic structure in highly 

conductive ZnO, both bare and functionalized by the prototypical organic acceptor C60, 

suggesting for the first time an assignment of the microscopic origin of the gap state DOS.10 The 

paper is organized as follows: We first present the characterization of the valence band of high 

conductivity ZnO thin-films by ultraviolet photoemission spectroscopy (UPS), followed by an 

investigation of the gap state DOS with 2PPE.  We next show that this DOS is altered 

considerably by functionalization with C60 or by mild annealing. Finally, we assign the origin 

and nature of defect states by comparison with state-of-the-art computational results. The 

implications of our findings extend likely beyond ZnO to other electronically active surfaces 

such as other oxides or perovskites.  
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II. Experimental 

(a) ZnO preparation 

A detailed description for the preparation of plasma-enhanced atomic layer deposited 

(peALD) ZnO thin films has been given previously.24  Briefly, indium zinc oxide (IZO) films 

were sputter-deposited on glass substrates to provide a planar substrate for ZnO film growth.  

ZnO was then grown by peALD, at 100°C and 0.4 torr, pulsing diethyl zinc as a precursor into 

the chamber, followed by exposure to a remote oxygen plasma using a 30 sccm oxygen flow rate 

at 300 W RF power for 20 seconds.  This process was cycled 200 times for the ZnO samples, 

yielding approximately 20 nm thick films as measured using spectroscopic ellipsometry on a Si 

witness substrate, present during the thin film growth process (M-2000, J. A. Woollam Co.). The 

peALD-ZnO films grown in this fashion were polycrystalline and preferentially oriented towards 

both the non-polar (100) and the polar (002) face as determined by X-ray diffraction.24 

(b) C60 deposition 

C60 (99% pure) was purchased from MER Corp., triply sublimated using a home-built 

resublimation apparatus, and deposited using a home-built Knudsen cell.  Film thickness was 

determined using a previously calibrated quartz crystal microbalance (QCM).  C60 thin films 

were grown at a rate of 0.5 Å/min in a deposition chamber at a base pressure of 4 x 10-9 mbar. As 

film formation is not expected to strictly follow layer-by-layer growth, we report film thickness 

in terms of monolayer equivalents (MLE), where 1 MLE corresponds to 8 Å. 

(c) Photoelectron spectroscopy 

The sample was introduced into the photoelectron spectrometer (VG EscaLab MK II, base 

pressure of 3 x 10-10 mbar) equipped with an Ar ion sputter gun (5 µA sample current, 0.7 kV 
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acceleration voltage) and an integrated sample heater.  When annealing, the ZnO/IZO/glass 

sample was kept at or below 130°C, measured with a pyrometer (Raytek, 30 cm from sample), in 

order to prevent migration alloying of the IZO substrate with the ZnO films. The electronic 

structure was analyzed first by ultraviolet photoemission spectroscopy (UPS) to confirm 

workfunction and surface electronic structure.29 The measured workfunction of the ZnO films 

prepared in this manner was 3.7(1) eV, consistent with previous work and the existence of 

shallow donor gap states.5,10,24 Surfaces prepared in this manner were stable over extended 

periods (14 days) of exposure to both He(I) and (II) radiation and the ultrahigh vacuum 

conditions in the spectrometer chamber, indicating the absence of hydrogen adlayers metalizing 

the surface, H2O adsorption and photoinduced desorption of weakly bound adsorbates.8,30,31 We 

verified the absence of alloying with IZO by x-ray photoemission spectroscopy (XPS), taken at 

normal incidence and grazing angle in a Kratos Axis Ultra spectrometer using Al Kα radiation 

(1486.7 eV). No band bending was observed by XPS, consistent with the high carrier 

concentrations typical for these films.24  

(d) Two-photon photoemission  

2PPE was performed using the frequency-doubled output of a 15 W pumped Ti:Sapphire 

oscillator (80 MHz repetition rate, 90 fs pulse duration, fundamental photon energies 1.2 to 1.7 

eV).  Following dispersion-compensation in a prism pair, the pulse train was introduced into the 

UHV chamber through a fused silica viewport, incident on the sample in p-polarization and at an 

angle of 53° with respect to the surface normal.  Pulse energy, typically around 250 pJ / pulse, 

was set by a neutral density filter wheel.  When carrying out 2PPE measurements on 

semiconductor surfaces, it is possible for surface photovoltage (SPV) effects to shift the spectra.  

Here, no SPV could be detected in either XPS, UPS or 2PPE over a range of excitation densities, 



 

8 

 

consistent with the highly conductive and near-degenerately doped nature of the thin ZnO 

films.24,25 No evidence of surface photovoltage effects or radiation damage was observed across 

the range of excitation intensities used (250 – 500 pJ / pulse).  

All 2PPE spectra were collected at room temperature, and the photoelectron kinetic energies 

were referenced to the Fermi level EF.  For the spectra shown here, the take-off angle was normal 

to the surface, and -3 V sample bias and 5 eV pass energy were used. The polycrystalline nature 

of the ZnO films inherently results in the measurement of electronic structure averaged over a 

wide range of possible electron momenta.   

All 2PPE spectra are presented in terms of final state energy, Efinal, as shown in Figure 1.  

This energy is the energy above the Fermi level after absorption of two photons. It depends both 

on the photon energy and the initial occupation of the probed state. In the event that there is no 

dispersion in ��, Efinal is defined as (E − EF) + ∆, where E is the energy of the probed state 

relative to EF, and ∆ = 2hν for occupied levels – ionized by coherent absorption of two photons –, 

while ∆ = hν for unoccupied levels, excited by a first photon and subsequently ionized by a 

second photon. A plot of the peak center (Efinal) vs. photon energy (hν) determines whether an 

observed feature corresponds to an occupied or an unoccupied level. Since the ZnO films used in 

these experiments are polycrystalline, the use of this analysis is appropriate.  

Figure 1:  Energy level diagram of ZnO including shallow defects, and schematic representation 

of the 2PPE process. EF, VL, Φ, CBM, VBM and DS denote Fermi level, vacuum level, 

workfunction, conduction band minimum, valence band maximum, and defect state, 

respectively. The left excitation process shows that direct photoemission by coherent absorption 

of two photons from the VBM is energetically not allowed for the chosen photon energies.   
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III. Results and Discussion 

(a) Valence Band Structure 

We first investigate the near-surface electronic structure of the n-ZnO films by UPS 

(Figure 2).  The workfunction � = 3.7(1) eV and valence band onset of 3.5(1) eV with respect to 

EF are consistent with previous work on similar thin ZnO films and are in good agreement with 

the strongly n-type nature of the films (carrier concentration of 1019cm-3).5,10,24,25  Given a 

bandgap of Eg = 3.4 eV, the valence band onset suggests that these films are close to or in the 

degenerate doping regime.  In addition to the spectroscopic features typically observed for UPS 

of ZnO, we also find a high density of tail states extending past the valence band onset deep into 

the bandgap (Figure 2c).  The tail states reside on a background created by satellite emission 

from HeI β, as indicated in the figure by the shifted and rescaled spectrum (1.87 eV and to 2% of 

the HeI α signal, respectively). This density of tail states is typically associated with deep lying 
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defect levels such as Znv and bulk Ov. Together with shallow donor defects it confers the low 

workfunction of 3.7(1) to these films, as discussed in several  recent combined computational / 

spectroscopic studies.5,10 In contrast, pristine single crystalline ZnO surfaces have workfunctions 

around 4.5 eV and do not show significant band tailing into the gap.29 The close-up view of the 

gap region (Figure 2c) also shows that no density of states can be detected within ∼1 eV of EF in 

UPS, despite the fact that shallow donors must be present to account for the n-type character of 

ZnO.9,23 This spectroscopically dark band gap is consistent across a range of highly conductive 

ZnO films prepared in a wide variety of ways and oriented towards different crystal faces, as 

reported previously.5,10,24   

 

Figure 2:  UV photoemission spectra (UPS) of peALD ZnO showing (a) secondary electron cut-

off, (b) valence band region and onset (blue dashed line), and (c) close-up of valence band 

maximum and bandgap region. 
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(b)  Spectroscopy Inside the Gap 

Due to the easily varied and low photon energy, 2PPE is ideally suited to probe the band gap 

region in more detail, taking advantage also of potentially different photoemission cross-sections 

in this energy range. In order to restrict spectroscopic detection to states inside the bandgap, 

either from the tail extending above the VBM or from a density of states closer to EF, we used a 

range of photon energies (2ω, 2.76-3.35 eV) below the band gap energy.  Since the ZnO 

ionization energy for our ZnO films is > 7 eV, these low photon energies prevent two-photon 

photoemission from valence band states.  We exclude three-photon photoemission (3PPE) due to 

insufficiently high excitation power densities, as considerably larger pulse fluences would be 

needed for 3PPE to occur.32,33 Since for the chosen range of photon energies all levels available 

to electronic excitation from the valence band are below EF and thus already occupied, resonant 

3PPE processes are excluded as well. The experimental conditions prevent thus photoemission 

from occupied valence band states.   

An overview 2PPE spectrum taken with a photon energy of 3.04 eV is shown in Figure 3a. 

All 2PPE spectra are dominated by the scattered secondary electron background at the lowest 

final state energies, as is typical for 2PPE spectra of oxides.34,35  Beyond these slow electrons, a 

feature at the highest final state energy, approximately 5.70 eV and labeled DS (defect state) in 

Figures 3a and 3b, is reproducibly observed at all photon energies used. A close-up of this region 

of the 2PPE spectrum is shown in Fig. 3b, showing a distinct spectral feature emerging as a 

shoulder between final state energies of 5.3 eV and 5.9 eV, and the corresponding fit with a 

Gaussian envelope is shown as well. A linear background was also fit to adequately match the 

tail of the secondary electron background. Figures 3a and b show the spectra also in terms of an 

initial state / binding energy scale, revealing that DS is located within a few hundred meV of EF. 
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Figure 3:  (a) Full 2PPE spectrum taken with a photon energy of 3.04 eV. (b) Close up of region 

near EF. (c) Stacked 2PPE spectra for different photon energies. (d) Photon energy dependence 

plot (final state energy vs. photon energy).  

 

Since 2PPE simultaneously probes both the occupied and unoccupied levels, the origin of a 

spectroscopic feature can be identified by measuring the final state energy as a function of 

photon energy. To this end, the excitation energy was varied over a range of 600 meV. The DS 
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feature is observed at all energies (Fig. 3c), shifting to higher final state energy with increased 

photon energy.  The mild variation in intensity is likely caused by slight spot to spot variation of 

the inhomogeneous polycrystalline surface, as well as wavelength-dependent changes in the laser 

spot sizes. When plotting Efinal vs. Ephoton (Fig. 3d), we observe a linear dependence of the fitted 

peak center with a slope of 2.03(5). This indicates unambiguously that DS arises by two-photon-

induced photoemission from an occupied level. DS was observed on all samples independent of 

excitation intensities. The high final state energy and linear dependence of 2hν of the observed 

state combined with the insufficient energies for excitation from the valence band 

maximum,2ℎ� < 	
 + �, further confirm the identification of an occupied gap state located near 

EF. The binding energy of DS, estimated from the center of the fitted peak, is -0.37(3) eV below 

EF. 2PPE of such conductive ZnO films reveals therefore a density of states near EF that is not 

observed in UPS, due to its band gap selectivity and difference in photoemission cross-section. 

This state is a likely a contributor to the n-character of these films. 

The surface-sensitive nature of 2PPE indicates that the species responsible for DS is present 

in significant quantities in the near-surface region of ZnO. This suggests that the DS density of 

states is amenable to manipulation by surface structure modification. We use this as a means to 

develop next insight into the origin of the DS state and to understand the influence of molecular 

surface functionalization. 

(c) Gap State Modulation by C60 Adsorption 

The donor nature of DS can be further confirmed by adsorption of a strong molecular 

acceptor such as C60. Such molecules have been suggested previously to be able to accept 

electrons from shallow donor states in ZnO, resulting in the formation of a hybrid interface state 
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observed already at sub-monolayer coverages.5,24,25,27  Therefore, incremental coverages of C60, 

from sub-monolayer to bulk, were deposited and monitored by both UPS and 2PPE. Upon 

deposition of 1 MLE, the workfunction increases by 0.6(1) eV, further increasing by a total of 

0.9(1) eV over 6 MLE. Such a workfunction increase indicates charge transfer from ZnO to C60 

(Figure 4a), as reported elsewhere.5,24,25 In UPS, the spectra are dominated by the emergence of 

C60 valence band features (Figure 4b).  Careful inspection of the energy gap region by 2PPE 

demonstrates that already at 4 Å coverage (0.5 MLE), DS is completely quenched (Figure 4c).  

The hybrid interface state, observed in UPS and explicitly discussed previously,5,24,25 is not 

however clearly identifiable by 2PPE, likely due to differences in photoionization cross-section 

and a higher background of inelastically scattered photoelectrons. 

Figure 4:   (a) UP-spectra at the secondary electron cut-off for ZnO, showing workfunction 

change with varying coverages of C60. (b) Overview UP-spectra as a function of C60 coverage. 

(c) 2PPE spectra at a photon energy of 3.04 eV for bare ZnO, 0.5 MLE (4 Å), and 1 MLE (8 Å) 

C60, offset for clarity. 
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The binding energy of DS and its behavior upon C60 deposition is consistent with the view that 

DS is a shallow donor defect that undergoes charge transfer to C60. Consequently, C60 adsorption 

removes the occupied gap state density of DS. As demonstrated by Schulz et al.
24, such 

interfacial interactions between ZnO and organic layers can improve charge extraction or act as 

centers for trapping and exciton recombination. The observation of DS by 2PPE and its 

quenching by C60 suggests therefore strongly that this shallow defect level corresponds to a near-

surface derived defect state and is closely involved in establishing the interfacial electronic 

structure and energy level alignment across this hybrid interface. Moreover, our results show 

clearly that band gap selective 2PPE is useful for directly detecting defects and surface derived 

gap states as well as the effects of interface formation. This is important for furthering the 

understanding of hybrid organic / inorganic semiconductor interfaces.5,10,24–26 

(d) Gap State Modulation by Annealing 

The importance of the observed DS for the electronic structure of the near-surface region can 

be further confirmed by photoemission spectroscopy of ZnO thin film surfaces whose electronic 

structure has been manipulated in a controlled fashion. In particular, elevated temperatures may 

alter the concentration of kinetically trapped point defects in the near-surface region of the ZnO 

film. Commonly used annealing protocols for single crystalline ZnO surfaces at temperatures in 

excess of 500 °C are not appropriate for the peALD ZnO thin films grown on IZO coated glass, 

since they lead to excessive interdiffusion of In from the substrate. We therefore restricted 

annealing temperatures to 130 °C, where no evidence of indium diffusion was detected by XPS. 

After 1 h at 130 °C, noticeable changes in both 2PPE and UP spectra were observed, as shown in 

Figure 5. Remarkably, the spectral feature of DS is completely quenched in the 2PPE spectra 

(Figure 5a). In the UP spectra (Figures 5b-d), we observe a work function increase of 0.5(1) eV 
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(Figure 5b), while the valence band up-shifts by 0.2(1) eV only (Figure 5c). This indicates the 

development of a surface dipole of ∆�=	0.3(1) eV, accompanied by mild band bending of 

∆��=	+0.2(1) eV. This band bending is also confirmed by O 1s and Zn 2p XPS (Figure 6) and is 

also consistent with the model put forth by Schlesinger et al. in the limit of high carrier 

densities.36 A summary of the energetics is shown in Figure 5d, and suggests together with the 

2PPE spectra that annealing causes either a removal of dopants or an emptying of doping states 

in the near-surface region. We note that these results are not consistent with identifying DS as 

derived from adsorption of adventitious species such as H2O that may be still present at low 

concentration in UHV, since no reemergence of DS is observed even 72 h after annealing, and 

the workfunction remains fixed at 4.2(1) eV. In summary, the observed changes to the electronic 

structure and the band bending strongly suggest that DS resides indeed near the ZnO surface, 

consistent with its quenching upon adsorption of C60 discussed in the previous section.  

Figure 5:   (a) Normalized 2PPE spectra of annealed vs. unannealed ZnO. (b) UPS with 

workfunction change and (c) VB shift upon annealing. (d) Schematic representation of changes 

to surface electronic structure upon annealing. 

 



 

17 

 

 

Figure 6:  X-ray photoemission spectra for unsputtered and unannealed peALD ZnO vs. 

sputtered and annealed peALD ZnO. Spectral shifts are indicated for (a) Zn 2p3/2 and (b) O 1s. 

 

(e) Identification of the Gap State: Comparison with Theory 

All experimental data suggest that DS is likely a donor-type defect state located near the ZnO 

film surface. Donor states in bulk ZnO are usually associated with interstitial Zn (Zni), O 
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vacancies (Ov), or hydrogen impurities, the most common native or impurity donor defects in 

ZnO. We briefly consider each of these possible origins of DS in turn in order to suggest an 

assignment of this gap state. 

It has been well established that Zni are shallow donors, within some meV of the conduction 

band minimum even in the near-surface region.9,10,22,23 Surface Zni, investigated for the ZnO 

(002) Zn-terminated surface, have also been shown to have density of states just at or below the 

conduction band minimum..
10 The DS peak observed in the 2PPE spectra has a binding energy 

(peak center) of EB = -0.37(3) eV (peak onset at 0 eV) and is thus too deep to be readily 

consistent with Zni. Moreover, the calculated formation energy of Zni is rather high, at least for 

bulk ZnO, substantially lowering the expected concentration of Zni in the ZnO films.9,23  Even 

the formation of complexes between Zni and Ov, suggested to stabilize Zni and drastically 

increasing their concentration,11,23 cannot explain the nature of DS. The electronic structure of 

such defect complexes has been investigated in detail computationally in bulk ZnO,11,23 pushing 

Zni-derived levels even closer toward the conduction band minimum. The origin of DS must be 

therefore sought elsewhere. 

Doping by hydrogen has been widely discussed as a possible source for the unintentional n-

type nature of bulk ZnO and its surfaces, since H2 is present in some amount under most 

experimental conditions, including ultrahigh vacuum,37 and can be cracked to atomic hydrogen 

generated e.g. by hot filaments inside a vacuum chamber.  Controlled surface adsorption of H on 

single crystalline ZnO showed that a partially occupied state emerges in the UP-spectra near EF 

at a binding energy of ~0.1 eV, giving the ZnO surface a metallic character.8,30,31,38 The DS 

observed by 2PPE is not observable by UPS, exhibits a much larger binding energy, and as 

discussed above, exhibits no time dependent spectral changes that would be consistent with 
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adventitious H. Electronic states arising from surface-adsorbed H atoms are thus also unlikely as 

the origin of DS.  

In bulk ZnO, oxygen vacancies have low formation energies under most conditions and are 

generally acknowledged as the most abundant donor defect in ZnO.9,39 In their neutral form, Ov
0

, 

oxygen vacancies in bulk ZnO are deep donor states situated close to the valence band 

maximum, in obvious conflict with the observed binding energy of -0.37(3) eV for DS.9,23,40  

More relevant might be however energy levels introduced by Ov located near the ZnO surface. 

This situation, including the interplay with other point defects and OH adsorbates, has been 

recently considered in detail.10 Note that surface hydroxyls must be included since they are 

indeed commonly observed on most ZnO surfaces even after Ar+
 sputter treatment, as is evident 

also from the high binding energy shoulder in the O 1s XPS data (Figure 6b).5,10,39  

On the polar Zn-terminated (002) ZnO surface, oxygen vacancies at the surface, O�
 , cause 

strong relaxation of nearest neighbor zinc atoms and Zn-Zn bond formation,10 as illustrated in 

Figure 7. This creates two shallow donor states at -0.08 eV and at -0.35 eV below the conduction 

band minimum. These states are much shallower than the reported values for bulk Ov,
10  with the 

deeper of the two states in perhaps somewhat fortuitous agreement with the experimentally 

detected DS at -0.37(3) eV.  Previous calculations also confirm that defect bands for surface 

donor defects indeed tend to be closer to the CBM than in the bulk crystal.24,41 The calculated 

formation energy of O�
  is however higher (4.04 eV) than OV in bulk ZnO (3.72 eV).9,10 This 

makes such defects less likely to occur naturally in high concentrations.  The widely used 

external surface cleaning by Ar+ bombardment is however well known to preferentially sputter O 

vs. Zn atoms,24 thus leading to increased densities of O�
  despite the high formation energy 

needed under equilibrium conditions.10  Considering the metastable nature of DS, as established 
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by annealing of the ZnO film, and its donor character, the assignment of DS as an O�
  type defect 

offers thus a likely explanation for the observed gap state. We emphasize that such defects may 

be created by a broad variety of commonly used surface treatment protocols and may indeed be 

desirable since they convey a high degree of near-surface doping. 

Thermodynamically more favorable than Ov, is the formation of Znv at the surface, a deep 

acceptor defect common in ZnO.9 In the presence of O�
 , such Znv sites prevent the formation of 

a metalized ZnO surface state (no Zn dimers), in good agreement with our experimental results 

after annealing. Computational studies have shown instead that Ov-Znv donor-acceptor pairs are 

formed, with some of the OH molecules filling the neighboring O�
  (Figure 7). The proposed 

presence of Znv is in good agreement with the observation of a large tail density of states near the 

VBM in UPS (Figure 2c) and an in-depth analysis of O 1s XPS band.9,10     

The two limiting cases, the metastable surface with OH and O�
  and the surface with OH, Znv 

and O�
 ,  provide thus a basis for interpretation of DS as near-surface O�

  states.  We speculate 

that the mild sputtering conditions used during surface preparation are insufficient to form a 

large abundance of Zn-Zn dimers that would otherwise metallize the surface and create a DOS at 

-0.08 eV.10 Instead, the treatment introduces some O�
  to form a metastable surface, modified by 

annealing, and supporting a shallow donor state quenched by charge transfer to C60. During 

annealing, the surface approaches a more stable surface composition (OH, Znv,	O�
 ), also 

consistent with the increased workfunction10 and the appearance of a new band at approximately 

-8 eV binding energy in UPS, suggested to arise from surface-localized O 2p⊗Zn 4sp hybridized 

states.29,42 We note that the non-polar (100) surface, likewise present in the ZnO films 

investigated here, also supports O�
  which are expected to occur at somewhat different energies. 
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Figure 7:  (left) Energy level diagram for the peALD ZnO film prior to (left) and after annealing 

(right), including calculated native point defect levels. Cartoon illustrating the conversion of a 

metastable ZnO surface with O�
  (yellow circle) and OH (upper right panel, Model 3 in Ref [10]) 

to a surface with Znv (blue circle), filled O�
 , and OH after annealing (lower right panel, Model 4 

in Ref [10]). 

 

IV. Conclusions 

Using two-photon photoemission we have obtained direct spectroscopic evidence for the 

presence of a shallow donor defect in the near-surface region of conductive ZnO films. Based on 

the electronic structure of model ZnO surfaces with surface-confined point defects, we identify 

this density of states as arising from metastable Ov located at the surface. Further support for this 

interpretation stems from the exquisite sensitivity of this density of states to the specific surface 

treatments. We have shown that the defect density is altered dramatically by mild annealing, 

which facilitates a transition from a metastable surface with shallow donors (O�
 ) to a surface that 

is otherwise dominated by deep acceptors (Znv), adsorbed OH, and filled O�
 . This transition is 
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indicated by a considerable increase in workfunction, mild band bending and an interface dipole, 

both of which suggest the removal of n-type defects within the band gap.  The defect density is 

also quenched by the adsorption of sub-monolayer layers of C60 (0.5 MLE), indicating interfacial 

hybridization and charge transfer between a donor defect and the acceptor molecule.   

Beyond the specific assignment of surface gap states in ZnO, our results demonstrate that 

near-surface point defects can be distinguished with surface sensitive two-photon photoemission 

spectroscopy. Our study provides improved understanding and direct spectroscopic evidence for 

surface-confined defects in the prototypical transparent conductive oxide, ZnO. For highly 

conductive interlayers and carrier harvesting layers, our results increase the ability to control the 

surface electronic structure through both the type and the density of specific defects. This control 

allows for the rational design of hybrid organic / inorganic interfaces with desired electronic 

properties, and is may be relevant to hybrid interfaces beyond ZnO such as other oxides or 

perovskites.   
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