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Abstract

The growth as well as vacuum ultraviolet (VUV) radiation-induced degradation of sodium
chloride (NaCl) on Ag(111) is investigated by ultraviolet and x-ray photoelectron spectroscopy. In
line with previous scanning tunneling microscopy studies, our results confirm that NaCl grows
initially as a bilayer before island growth starts. Simple spectroscopic methods for calibrating the
closure of the NaCl bilayer are further presented. In addition, the energy level alignment is studied
as a function of NaCl film thickness and VUV-light intensity. When measuring with ultra-low
photon flux, a sharp interface dipole lowers the sample work function by 0.65 eV upon adsorption
of the first bilayer, which is followed by vacuum level alignment for subsequently deposited layers.
In contrast, measurements performed with standard photon fluxes, such as those provided by
commercial He discharge lamps, shows ‘downward band-bending’-like characteristics in the NaCl
films. Upon extended exposure time to the standard VUV intensity, photoemission measurements
further reveal that strong modifications of the electronic properties of the NaCl surface occur.
These are likely correlated with halogen emission, eventually resulting in the formation of Na
clusters promoting low work function of parts of the sample surface. This study provides general
guidelines for obtaining reliable spectroscopic measurements on alkali halide thin films on metals.

Introduction

Nowadays development of opto-electronic devices goes with increasing heterostructure complexity, compris-
ing many heterojunctions commonly including electrode/semiconductor and semiconductor/semiconductor
interfaces. In addition, the insertion of buffer layers in between the electrode and the semiconductor has
become ubiquitous to overcome poor charge injection/extraction [1-3], a major issue of organic-based devices
[4—6]. Counterintuitively, the use of insulating layers consisting of alkali halides inserted in between the metal
cathode and the n-type organic semiconductor has proven successful to minimize energy losses at these inter-
faces and is now widely employed, notably in organic photovoltaic solar cells [7] and organic light emitting
diodes [8] but also in organic field-effect transistors [9] and transistor memory [10]. As pointed out by dif-
ferent studies, the predominant underlying mechanism responsible for device improvement has been strongly
debated and may be notably correlated to (i) the tuning of the electrode work function [8]; (ii) the presence
of band-bending within the salt layer [11, 12]; (iii) the emergence of a spatially extended band bending in
the active (organic) materials [13]; (iv) the doping of the organic materials by alkali atoms upon thermal
evaporation of alkali halides thin films [14].

© 2021 The Author(s). Published by IOP Publishing Ltd
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Ultra-violet and x-ray photoelectron spectroscopy (UPS and XPS) are techniques of choice to investigate
the electronic and chemical properties of thin films and, therefore to understand the role of buffer layers in
devices and the structure-property relationship of films grown on metal electrodes [13, 15, 16]. However, the
use of UPS and XPS is challenging for such studies as large band-gap ionic insulators can retain strong sam-
ple charging and further degradation may occur upon UV-light or electron irradiation [17-20]. In addition,
though it is well-known that the interaction of photon or electron beams with alkali halides leads to atomic
desorption and consequent surface restructuration, the effects induced by vacuum ultraviolet (VUV) light, i.e.,
in the energy range typically used photoemission measurements, on the electronic and chemical properties of
interfaces including alkali halides thin films have been barely addressed so far [21].

Among alkali halides, sodium chloride (NaCl) is a prototypical wide band gap insulator, which can
exhibit the bulk crystal gap already at bi-layer thickness [22]. NaCl is also known from scanning tunneling
microscopy measurements to form continuous and smooth carpet-like films with (100) orientation cover-
ing the monatomic steps of substrates such as Ag(111) [23]. This makes the use of NaCl thin films common
for probing the fundamental optoelectronic properties of atomic or molecular adsorbates decoupled from a
supporting metal electrode [13, 24-27].

In this work, we study by photoelectron spectroscopy (PES) the thickness-dependent electronic proper-
ties of a NaCl film grown on Ag(111). First, we look at the growth mode and confirm that a bilayer growth
occurs before island formation starts, in agreement with previous microscopy studies and further propose a
simple method to determine the completion of the first NaCl bilayer. In a second step, the electronic structure
as probed by PES is investigated as a function of film thickness and VUV-light fluence. We show that, in addi-
tion to the formation of an interface dipole, the energy level alignment goes from vacuum level alignment to
apparent strong band-bending, whose magnitude depends on the photon flux used during the measurement.
Finally, the effect of high dose of VUV-light irradiation as provided by the Hel radiation of standard helium
discharge lamps on a 10 nm NaCl thick film is addressed. It is shown to induce a large number of defects,
eventually leading to local surface restructuration going with the formation of Na clusters as deduced from the
valence band and work function changes upon VUV-light exposure.

1. Experimental

The samples were prepared and analyzed in situ under ultra-high vacuum conditions. The Ag(111) surface
was cleaned by several Ar+ sputtering and annealing (750 K) cycles. NaCl (Aldrich, 99.99% pure) was evapo-
rated from resistively heated crucibles at 500 °C. The film thickness was monitored with a quartz microbalance
using a density for NaCl of 2.165 g cm . The Hel radiation (21.22 eV) from a He discharge lamp [Specs, UVS
10/35 providing ca 8 x 10> photons/(s*Sr) and yielding a sample current density J; of ca 100 pA mm~2 for
a clean Ag(111) sample] was used for in-house ultraviolet photoelectron spectroscopy (UPS) in combination
with an Omicron EA125 hemispherical energy analyzer (120 meV energy resolution). For in-house measure-
ments, an attenuation of the UV-light intensity by one order of magnitude was obtained by inserting a 300 nm
thin aluminum filter between the lamp capillary and the sample. High resolution XPS (hv = 1500 eV) and
‘ultra-low photon flux’ UPS (hv = 21 eV, with intensity reduced by two order of magnitude as compared to
that provided by the helium lamp) measurements were performed using synchrotron radiation at the former
SurlCat end station (beamline PM4) equipped with a Scienta SES 100 hemispherical analyzer at the BESSY
II synchrotron light source (Berlin, Germany). The flux reduction were determined from the sample cur-
rent density measured upon illumination of the clean Ag(111) (J; ~ 10 pA mm ™2 with aluminum filter and
~1 pA mm? for the ‘ultra-low flux’). If not explicitly stated, all the UPS and XPS spectra were collected in
normal emission, and the electron binding energies are referred to the silver Fermi level. Secondary electron
cut-off (SECO, for determination of sample work function) spectra were collected with a —10 V bias applied
to the sample.

2. Results and discussion

2.1. Growth of NaCl on Ag(111)
We first investigate the growth of NaCl on Ag(111) with an emphasis on the NaCl/Ag(111) very interface region.
We also provide hints for the calibration of NaCl film closure by means of UPS.

Figure 1(a) displays the thickness-dependent Na KLL Auger spectra of NaCl adsorbed on Ag(111). The
thick film spectrum (10 nm NaCl) is representative of the bulk characteristics of NaCl. The corresponding
Na KLL Auger peak is composed of two features consisting of a main peak at ca 985.75 eV kinetic energy
(KE) and a smaller one at 981 eV KE. When investigating the interface properties, the shape of the Na KLL
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Figure 1. (a) Thickness-dependent Na KLL and (b) Na 1s spectra of NaCl/Ag(111) measured with low photon flux and a photon
energy of 1500 eV. The spectra are deconvoluted using the spectral shape of the thick film. (c) Energy shift AE with respect to the
multilayer NaCl for the Na KLL and Na 1s as a function of the Na—Ag distance d. In f(d), c is a normalization constant
determined from the Na KLL energy shift.

spectrum appears markedly different, with the notable presence of an intense shoulder at ca 989 eV KE. The fit-
ting procedure using several Na KLL contributions derived from the bulk spectrum and shown in figures 1(a)
and (b) for 0.4 nm (nominally 0.66 bilayer) and 1.6 nm (nominally 2.66 bilayers or 5.33 monolayer) NaCl
helps disentangle the different interface and bulk features. A good fit is only achieved by considering that
these experimental spectra are actually composed of three well-separated contributions with their main peak
at 988.75 eV KE, 986.65 eV KE and 985.75 eV KE as it is markedly apparent for 1.6 nm NaCl (figure 1(a)).
These different contributions are therefore readily identified as stemming from the very first NaCl layer
(988.75 eV KE) in contact with the metal substrate, the second NaCl layer (986.5 eV KE) and the multilayer
(985.75 eV KE). Considering that the mean free path for electrons around 985 eV KE is ca 1.5-2 nm, for 0.4 nm
NaCl, the intensity ratio between the different components as determined with the fitting procedure indicates
that NaCl grows mostly in a bilayer fashion (owing to the formation of a small density of 3D island as suggested
by the low KE peak) until the closure of the first NaCl bilayer is reached, consistently with previous reports on
the growth at room temperature of NaCl on Ag(111) and other close-packed surfaces of noble metals [23, 28].

In contrast, these different contributions are hardly distinguishable in the Na 1s core level spectra as shown
in figure 1(b). There, we fitted the core level assuming that, as for the Na KLL, the Na 1s peak lineshape is not
noticeably modified by the proximity of the surface. Based on this assumption, we find that the multilayer,
second layer and first layer NaCl peaks are located at 1072.92 eV, 1072.77 eV and 1072.23 eV binding energy
(BE), respectively. As no chemical shift due to interfacial charge transfer is a priori expected [as for instance
indicated by the virtually identical Ag3d lineshape for clean and NaCl-covered Ag(111) (not shown)], the
energy shift AE between the different layers is likely to originate only from differential photohole screening
by the metal electrons, promoting thereby higher kinetic energy to the electrons emitted from the atoms in
close contact with the metal surface. To verify this hypothesis, we examined in figure 1(c) the energy shift AE
of the probed Auger and core level (photo-) electrons as a function of d, the distance of the probed atom to
the metal surface. In this context, AE is expected to vary as g*/d, where q represents the charge of the atom in
the final state with respect to the ground state. Therefore, AE for the Auger electrons, because of the doubly-
ionized final state of the probed atoms, should be four times larger than that of the singly ionized core level
photoelectrons. The results shown in figure 1(c), show that AE for both Na KLL and Na 1s verify (within
error) that AE varies like 1/d and that AEn, ki = 4 - AEna 1s which demonstrates that the observed energy
shifts indeed mostly result from differential photohole screening by the metal electrons and do not stem for
instance from charge transfer or chemical interaction between NaCl and the silver surface.

To further assess the growth behavior, we also monitored the relative evolution of the Na 1s and Ag 3d
intensities as a function of film thickness as displayed in figure 2(a). In this graph, the change in slope at 0.6 nm
NaCl thickness for both the Ag and Na signal indicates the completion of the first bilayer in excellent agreement
with the NaCl lattice constant of 0.56 nm and with the analysis of the Na KLL/Na 1s spectra. Thereafter, the
evolution of the relative intensities suggests that island growth starts, resulting in a Stranski—Krastanov growth
mode.

We also looked at the valence features, searching for some hints of the closure of the first NaCl bilayer.
Figure 2(b) shows the Ag(111) Fermi edge measured in UPS in normal emission and at 10° off-normal emis-
sion. The normal emission spectrum of clean Ag(111) exhibits an intense feature stemming from the Shockley
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Figure 2. (a) Evolution of the relative Ag 3d and Na 1s intensities as a function of the nominal deposited NaCl thickness.

(b) Fermi-edge region measured at normal emission and 10° off-normal for clean Ag(111), 0.48 nm and 0.6 nm NaCl-covered
Ag(111). The gray area below the 0.48 nm NaCl-covered Ag(111) depicts the remnant intensity from the Ag(111) surface state.

surface state, followed by a flat density of states (DOS) at higher BE due to the Ag sp-band. Slightly oft-
normal emission (10°), the surface state vanishes completely as it is strongly centered around the Gamma
point of the Brillouin zone [29]. When incrementally depositing NaCl, a progressive quenching of the surface
state is observed. This is in line with corresponding scanning tunneling spectroscopy measurements of the
NaCl/Ag(111) interface and with other reports on the adsorption of weakly interacting organic molecules on
Ag(111), for which the Shockley surface state is known to shift above the Fermi-level [30—32]. At 0.48 nm NaCl,
i.e. when approaching the completion of the bilayer film (ca 80% of a full bilayer) as determined by XPS, the
normal emission spectrum displays only a flat band which could be attributed to the complete quenching of
the surface state. However, a careful comparison with the 10° take-off angle spectrum reveals an apparent shift
of the Fermi-edge in the normal emission spectrum. This discrepancy is due to remnant DOS from the surface
states which is superimposed on the bulk-like silver DOS. Finally, for 0.6 nm NaCl/Ag(111), the surface state is
completely vanished as shown by the virtually identical lineshape and energy position of the Fermi-edge spec-
tra for both emission angles. Remarkably, this happens at the same NaCl thickness as the one determined by
XPS for a complete NaCl bilayer. Therefore, we conclude that the attenuation of the surface state as measured
in UPS can be used as a simple and precise tool for calibrating the closure of the first NaCl bilayer.

2.2. Effect of light fluence on the energy level alignment

We now examine the energy level alignment at the NaCl/Ag(111) interface as observed by UPS. First, we
recorded the thickness-dependent valence band spectra under standard photon flux (referred to as ‘without
filter’ in figure 3(a)) as provided by a commercial helium discharge lamp with specifications detailed in the
Experimental section. The selected spectra which are shown in figure 3(a) exhibit two peaks (labeled A and
B) which are due to the CI 3p levels. With increasing thickness, the whole valence band progressively shifts to
higher BE by up to 2.1 eV, which could in principle be ascribed to charging of the molecular film or, alterna-
tively, to band-bending phenomena as previously suggested. The graph in figure 3(d) reports the thickness-
dependent energy shift of peak A together with the sample work function evolution, which decreases from
4.5 eV for clean Ag(111) down to 2.4 eV for the range of investigated thicknesses. This comparison highlights
the fact that both the valence band features and the work function mostly shift in a rigid manner.

Figures 3(b) and (c) show the valence band evolution when performing UPS measurements with photon
flux defined as ‘with filter’ and ultra-flux’, which are reduced by 1 and 2 orders of magnitude as compared to the
‘without filter’ photon flux, respectively. The graph in figure 3(d) also reports the work function evolution and
the energy shift of peak A for these measurements. When using a photon flux reduced with filter, the valence
band and work function shift by 1 eV for a film thickness of 20 nm, which is only half as much as what was
detected with standard photon flux. For the ultra-low photon flux case (J; ~1 pA mm?2), a total work func-
tion shift of 0.65 eV is observed upon interface formation, which is followed by vacuum level alignment for the
subsequently deposited layers. This interface dipole is mostly due to the push-back effect, i.e., the push-back of
the electrons spilling out the metal surface [33, 34], and its magnitude is in-line with the usual observations at
weakly interacting adsorbate on Ag(111) [32]. In addition, the reliability of the ultra-low photon flux measure-
ments is confirmed by noting that work function behavior as determined by Kelvin probe force microscopy, a
non-destructive technique, for different thicknesses of NaCl island on Ag(100) is quantitatively the same [35].
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Figure 3. Thickness-dependent valence band spectra measured with (a) standard photon flux obtained from a helium discharge
lamp, (b) photon flux reduced by one order of magnitude by inserting an aluminum filter between the lamp and the sample,
(¢) ultra-low photon flux (photon flux reduced by two orders of magnitude) at the PM4 beamline taken with a photon energy of
21 eV. (d) Work function and peak A energy shift as a function of NaCl thickness and photon flux.

Therefore, we demonstrated that the band alignment determined in UPS varies dramatically as a function of
the VUV-light fluence and that the apparent band-bending is related to charging/degradation of the film. The
comparison between two spectra acquired first with high and then with low photon flux on the same sample
as displayed in figure 3(a) further show that the shift induced with standard measurement conditions is not
reversible upon reduction of the photon flux which suggests that, beyond simple charging, degradation of the
film via formation of charged defects occurs. Therefore, charged defect formed and accumulated at the film
surface at each deposition step, which then resulted in large, dose-dependent, change of the electrostatic poten-
tial within the film as seen in figure 3(d). In contrast, when ‘ultra-low’ photon dose such as that employed here,
no such defects formed as demonstrated by the constant potential measured at each deposition step.

2.3. NaCl degradation upon VUV-light irradiation

To explore more in detail the effect of UV-light-induced damage, we recorded the evolution of the valence
band of a 10 nm NaCl film on Ag (111) over exposure time as displayed in figure 4(a). The initial NaCl valence
band features are entirely due the Cl 3ps/, (peak B) and CI 3py/, (peak A). Upon irradiation for an extended
amount of time, the valence band strongly evolves and features the emergence of an additional component,
denoted peak C at 8.5 eV BE, as well as the progressive quenching of peak A. At the same time, the intensity of
peak B remains approximately constant. An explanation for the evolution of the valence band spectra over time
is further provided in figure 4(a) with a fitting of the valence band after exposure using the initial spectrum
duplicated, appropriately shifted in energy and scaled in intensity. This analysis reveals that all the changes
in the valence features described above are actually due to a duplication of the valence band features toward
higher BE: the initial features decrease in intensity when, at the same time, the equivalent Cl 3p contributions
shifted by 0.9 eV to higher BE increasingly grows. After 9 h of VUV exposure, the fraction of shifted and pristine
valence band features amounts to ca 50% each.

After nine hours, the SECO spectrum also shows major change with the emergence of a double SECO,
indicating two distinct surface work functions ®; and ®,. ®; is mostly unchanged as compared to the ini-
tial value of 3.48 eV at t = 0 h and the second SECO is representative of ®, = 2.82 eV, i.e. 0.66 eV smaller
than @;. The emergence of a double SECO is a clear indication of local work function inhomogeneity at the
sample surface with the presence of two distinct areas: ®; corresponds to the pristine parts of the sample
surface while @, relates an area-averaged value of the fractions of modified and unchanged surface such that
®, = a®, + P,*, where o and [ are the fractions of intact and degraded surface areas and ®,* is the local
work function of the degraded areas [36, 37]. On one hand, it is tempting to correlate o and 5 with the share
of pristine and shifted valence feature as deduced from the valence band analysis (o =~ 8 = 0.5), which would
result in ®,* of 2.15 eV, i.e., a value slightly smaller than the lowest reported value of Na of 2.27 eV, and pro-
viding a lower estimate of the true ®,* [38, 39]. On the other hand, one may correlate the energy shift of part
of the valence band features directly with the change in surface potential, yielding ®,* of 2.6 eV, close to the
2.7 eV work function of free Na nanoparticles reported by Wong et al [38, 40]. From this, we can calculate that
the fraction of degraded areas /3 correspond to ca 25% of the exposed surface, which would be consistent with
the lower SECO intensity of the low work function areas as compared to that of the pristine areas. In any case,
these observations points toward the fact that the low work function areas induced by VUV exposure should
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Figure 4. Irradiation-dependent SECO (left) and valence band (right) spectra measured with the standard photon flux provided
by the He discharge lamp (a) and with a photon flux reduced by one order of magnitude using the aluminum filter (b).

be correlated with an accumulation of Na atoms at the surface forming metallic clusters, consistently with a
number of previous works concluding on the formation of alkali clusters at the surface of photon or electron
irradiated NaCl and other alkali halides [17, 18, 21, 41-43]. However, we note that we did not observe any obvi-
ous sign of DOS related to metallic Na at the Fermi level, which may eventually indicate that we overestimated
the magnitude of 3, the fraction of degraded areas. If so, this overestimate could likely be a result of the lateral
extend of the potential drop around the Na clusters, which was not accounted for in the above reasoning. The
two main mechanisms leading to formation of Na metal clusters can be summarized as follow: (i) electrons
and holes, created in the bulk upon irradiation, can be self-trapped resulting in a pair of F (an electron trapped
in halogen vacancy) and H (an interstitial halogen atom) centers; those pairs then diffuse to the surface where
thermal emission of the halogen and neutralization of the surface alkali occur [19, 42]. (ii) Hot hole—electron
pairs are formed upon photon absorption; those pairs diffuse to the NaCl surface and, if the hole is located
on the surface halogen atom, the canceling of the Coulombic bond leads to the ejection of the chlorine atom
due to Pauli repulsion by the electron cloud, a mechanism also known to induce preferential non-thermal
desorption of halogen atoms and neutral alkali atoms [17, 41, 42, 44]. Such phenomena were shown to induce
surface restructuration including layer-by-layer desorption of NaCl and the formation of 2D rectangular pits
at the film surface [42, 45]. As suggested by previous atomic force microscopy studies, the Na adatoms then
diffuse and start agglomerating at the pit edges and kinks [42]. Extrapolating, our data may therefore suggest
that irradiation induces the formation of a large amount of pits, which gives rise to a significant fraction of
the surface being covered by Na clusters. Finally, we also performed the same experiment using the attenuated
photon flux using the aluminum filter as in figure 4(b). The results presented in this figure show that, upon
illumination with the reduced photon flux, no evolution of the spectrum occurs over time, which enables the
possibility to perform long photoemission measurements without further sample changes.

3. Conclusion

In this study, we investigated by photoemission the growth of NaCl on Ag(111) and found that, consistently
with previous reports, that NaCl thin films initially grow as a bilayer on the Ag(111) surface. The large energy
shift observed of the core levels and Auger electrons for the first, second and subsequent NaCl layers can be con-
sistently attributed to final state screening by the metal electrons, ruling out changes in the oxidation state of
NaCl by charge transfer. The observation of quenching of the Ag(111) surface state is also shown to be a simple
and precise way of estimating the closure of the first NaCl bilayer. The energy line-up for thicknesses ranging
from ultrathin up to 20 nm thick NaCl films was then studied employing different photon fluxes. A reliable
assessment of the energy level alignment could only be achieved by decreasing the photon flux of a standard
He lamp by two order of magnitudes. In this experimental condition, we observed the formation of an inter-
face dipole due to the push-back effect followed by vacuum level alignment. In contrast, using higher photon
fluences induces irreversible charging/damage to the alkali halide films and leads to an apparent downward
band-bending. Time-dependent studies further reveal that high irradiation doses strongly alter the surface
electronic properties, leading to a strongly laterally inhomogenous sample work function. This is proposed to
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go in hand with the formation of Na clusters and halide desorption. This effect could potentially be used for
work function patterning of alkali halide thin films in the future.
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