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Chapter IV 

 

Molecules deposited on NaCl insulating thin film 

 

 

Development of organic devices, like OFETs, requires to grow or to deposit an 

organic layer on insulating thin films. This is a reason why the fabrication and 

characterization of insulating thin films is the focus of scientific interest in the field of 

nanotechnology. In this chapter, preparation and surface characterization of NaCl multi-layer 

film grown on Au(111) is studied using scanning tunneling microscopy. First we will report 

on the investigation of the NaCl film crystallography and epitaxy. NaCl(100) grows as layers 

on an Au(111) substrate. Atomically resolved images of NaCl domains show that NaCl grows 

epitaxitally on Au(111). We will also report on the ordering of PTCDA molecules deposited 

on a gold surface partially covered with a NaCl thin film as well as fully covered with a NaCl 

thin film. Understanding the molecular behaviour on insulating thin films is essential to 

develop and optimize processing for the fabrication of organic devices like OFETs. 

 

4.1 Sodium Chloride: NaCl 

4.1.1 NaCl unit cell 
 

Bulk sodium chloride is an ionic crystal with cubic symmetry consisting of positively 

charged sodium ions, Na+, and negatively charged chloride ions, Cl-. The NaCl bulk unit cell 

is presented in Fig. 4.1. In the NaCl unit cell, each ion is surrounded by six ions of opposite 

charge. This basic structure is known as cubic close packed (ccp) structure. It can be 

presented as two interpenetrating face-centered cubic (fcc) lattices, or one fcc lattice with a 

two atom basis. This crystallographic structure maximizes the contact between ions of the 

opposite charge and minimizes the structure energy. The lattice parameter of the NaCl unit 

cell is 5.64 Å. Crystalline NaCl has an 8.97 eV band gap [36] and is therefore an insulator. 
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FIG 4.1: NaCl unit cell. Blue balls are chloride atoms and small green balls are sodium 

atoms. 

 

The different faces of NaCl crystal have different electronic properties. NaCl(100) 

facet is electrically neutral, whereas the (111) facet would be polar because it consists of only 

one type of ions, which can be either Na+ or Cl-. Polar surfaces usually exhibit surface charge 

reconstructions in order to screen the charge effect and to minimize the resulting dipole 

moment. This is also the case for Na-terminated ultrathin NaCl films where the formal charge 

of the cations was reported to be +0.5e, implying a half-filled Na 3s band [27]. 

 

As a bulk single crystal, NaCl is an insulator. However, in the case of NaCl thin films 

grown on metal surfaces, electronic states of the NaCl layer couple to those of the metal 

surfaces and it is possible to record STM images of the NaCl thin films. 

 

STM investigations have shown that sodium chloride is a very versatile material 

because it has the great advantage of growing as layers on metals surfaces. NaCl islands have 

been successfully grown on numerous crystalline metal surfaces, such as Cu(111) [4, 21, 22], 

Cu(110) [4, 21], Cu(311) [21], Ag(111) [23], Ag(100) [24], Ge(100) [25], Al(111) [26], 

Al(100) [27]. It has been experimentally confirmed by STM that NaCl can form (100) or (111) 

islands [27], depending on growth conditions and the nature of the metal surface. NaCl thin 

film grown on Au(111) has never been characterized using STM until now.  

 

4.1.2 NaCl deposition 
 

99.9% NaCl powder (Goodfellow) was evaporated from a crucible inside the 

preparation chamber with the base pressure of 3 10-10 mbar. The temperature of the crucible 
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was around 723 K with a deposition rate of around 1 Å/min. The Au(111) substrates were 

kept at room temperature during the deposition. Immediately after NaCl deposition, the 

sample was transferred into the STM chamber for STM characterization. 

 

4.2 NaCl multi-layer islands grown on Au(111) 

4.2.1 Nucleation of NaCl islands at gold step edges 
 

  A NaCl(100) thin film with sub-monolayer coverage was first investigated. Figure 4.2 

shows STM images of NaCl islands formed after deposition of NaCl on an Au(111)-(22×√3) 

surface at room temperature. These islands have almost straight step edges and the angle 

between the step edges is ~90˚. The small NaCl islands are mostly located on top of gold step 

edges. This suggests that gold step edges are preferential nucleation sites for NaCl islands.  

 

 

 

FIG. 4.2: STM image of NaCl(100) on Au(111), (a) 220×190 nm2 , Vs = 0.8 V, It = 0.5 nA.  

(b) 250×250 nm2 , Vs = 0.38 V, It = 0.5 nA. The black arrows point to gold step edges. 

 

 

Additional NaCl deposition leads to the growth of NaCl islands forming large 

domains as seen in figure 4.2(b). The STM images show that the second and third NaCl 

layer start to form on the first one before the latter completely covers the Au surface. 
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FIG. 4.3: STM image of a NaCl(100) monolayer domain on Au(111),  

104×104 nm2 , Vs = -1.02 V, It = 0.4 nA. 

 

  A single layer island of NaCl is shown in Fig.4.3. The Au(111)-(22×√3) 

superstructure is visible under the NaCl(100) domain, which indicates that the surface 

structure of Au(111) remains the same with NaCl grown on top.  

 

4.2.2 Atomically resolved NaCl(100) island STM images 
 

Figure 4.4 (a) shows atomically resolved NaCl islands. From the corresponding 

atomic corrugation reported in figure 4.4(b), one sees that the distance between the two 

nearest bright spots in the NaCl layer is 4.0 ± 0.1 Å. This corresponds to the closest 

separation of atoms of the same atomic species in the NaCl(001) surface. These bright spots 

in the NaCl island are attributed to Cl− anions [25, 26, 30]. The atomic corrugation is ~ 0.2 Å. 

The atomic periodicity of NaCl is modulated by the large periodicity of the gold herringbone 

reconstruction. 

 

Atomically resolved STM images show that NaCl is growing as a (100) layer on the 

reconstructed (111) gold terraces. The square NaCl unit cell has been superimposed to each 

of the two NaCl domains in Fig.4.4(a), as black and white squares. The two unit cells are 

rotated by 30o with respect to each other. The gold reconstruction visible underneath the 
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NaCl layer shows that the NaCl unit cell is in both cases aligned with the <11
−

2 > and the 

<110> gold directions (and equivalent directions). This indicates that NaCl grows 

preferentially as an epitaxial NaCl(100) film.  
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FIG. 4.4:(a) Atomically resolved STM image of NaCl islands on Au(111)-(22× √3) (16 × 16 nm2; 

Vs = 0.5 V, It = 1.0 nA). White and black squares representing the NaCl unit cell are 

superimposed on the NaCl islands. (b) Atomic corrugation of the first NaCl layer. 

 

Crystalline defects in the NaCl(100) layer can be identified in the atomically resolved 

STM image, reported in Fig.4.5. The black arrow points out a NaCl domain boundary. The 

black square superimposed on the image displays the NaCl(100) square unit cell. On the 

other hand, the black hexagon superimposed on the STM image highlights that a local atomic 

hexagonal packing is coexisting with the square packing in the NaCl island, Fig.4.5. Local 

defects in the NaCl(100) layer are pointed out by the white arrow.  

 

An NaCl monolayer will wet the Au surface if γAu > γNaCl + γi, where γAu is the 

surface energy of the Au(111) substrate, γNaCl is the monolayer surface energy, and γi is the 

interface energy between the monolayer and the substrate. γAu(111) = 1.28 J m−2 [31] and 

γNaCl(100) = 0.16 J m−2 [32] were obtained from ab initio and DFT calculations. Therefore the 

interface energy should be less than 1.12 J m−2. 
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FIG. 4.5: Atomically resolved STM image of NaCl islands, 32 nm × 12 nm (Vs = 0,7 V, It = 

0,15 nA). The white arrow points out defects in the NaCl layer. The black arrow indicates a 

NaCl layer domain boundary. The black square and hexagon are superimposed on the NaCl 

island outline the local square and hexagonal packing. 

 

 

4.2.3 NaCl multi-layer island pattern 
 

Figure 4.6 illustrates details of a NaCl multi-layer island as imaged by STM. The first 

NaCl layer appears flat while the second NaCl layer can have different aspects: the one 

labelled (b) in figure 4.6 resembles the second layer and seems flat as well; on the other hand, 

a complicated pattern is observed for the second NaCl layer labeled (a) in figure 4.6. We did 

not succeed in finding tunneling parameters permitting us to record atomically resolved 

images of this layer. The STM image shows that the latter is formed by juxtaposed domains 

of stripes labelled A, B, and C in figure 4.6. The patterns in these domains do not have a high 

degree of symmetry and are oriented differently. They therefore cannot be attributed to a 

Moiré pattern [24, 33, 34]. However, this suggests that the second layer is not crystalline or 

that its crystallization is not fully completed at room temperature, despite the fact that its 

edges are almost straight and nearly perpendicular. The different atomic packing and defects 

seen in the first NaCl layer in Fig.4.4 , are probably at the origin of the NaCl pattern shown in 

Fig. 4.6. 
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FIG. 4.6: STM image of a NaCl multi-layer island (68 × 68 nm2; Vs = 0.4 V, It = 0.5 nA). 

The first and two second NaCl layers are labeled. Three domains labeled A, B, and C coexist 

in the second NaCl layer labeled (a). The boundaries of these domains have been delimited 

with black spots for visual help. 

 

These observations illustrate that the formation of the NaCl thin film growth seems 

strongly dependent on the growth conditions [35]. 

 

4.2.4 STM bias-dependent aspect of NaCl(100) multi-layer islands 
 

Fig. 4.7 presents NaCl islands on Au(111) imaged by STM using two different 

tunneling conditions, namely Vs = −0.3 V It = 0.15 nA (a) and Vs = −1.0 V It = 0.7 nA (b). 

The gold step height of 2.3 Å was found independently of the tunneling conditions. NaCl 

multi-layer islands are clearly visible in figure 4.7 (a), whereas only the first layer of the same 

islands appears in (b). In figure 4.7 (b) the Au(111)-(22×√3) reconstruction is clearly visible 

underneath the first NaCl layer. The height profiles extracted from the images in figures 4.7 

(a) and (b) are reported in figure 4.7 (c) and show that the first NaCl layer (figure 4.7(a)) has 

an apparent  height of ~ 1.53 Å , while the thickness of the second layer in the same image 

amounts to ~ 0.7 Å (curve A). The height profile corresponding to figure 4.7 (b) gives instead 

an apparent height of the first NaCl layer of ~ 0.9 Å , and the second layer appears ~ 1.1 Å 

below the gold surface (figure 4.7 (c), curve B). The tunneling parameters are hence strongly 
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affecting the apparent height of the NaCl layers. Even the larger value for the height of the 

first NaCl layer is lower than its physical height (2.82 Å). The measured height of the 

additional NaCl layers is even smaller, and for islands composed of three and more layers the 

measured height of the NaCl multilayer islands can appear below the gold surface. These 

observations are a perfect illustration of NaCl non-conducting behaviour.  

 

 

FIG. 4.7: NaCl islands on a Au(111) surface (139 × 139 nm2) imaged using STM with (a) Vs 

= 0.316 V, It = 0.15 nA. (b) Vs = -1.056 V, It = 0.7 nA tunneling parameters. (c) The black 

curve corresponds to the surface profile A extracted from (a), and the blue curve corresponds 

the surface profile B extracted from (b). 

 

To understand the non physical value of the NaCl island step height measured using 

STM, as reported in fig. 4.7(c), the movement of the STM tip during scanning is drawn in 

figure 4.8. The yellow layer is the Au(111) substrate, and the grey layers are NaCl(100) first 

and second layers, respectively, the distance d indicates the vertical tip movement.  
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FIG. 4.8: illustration of the STM measurement: (a)Density of states  of a one and two layer 

thick NaCl(100) film on Au(111) at a high negative bias voltage between the tip and the 

sample (b) sketch of the ’topographic effect’ of NaCl islands on a Au(111) surface, in the 

constant current-mode, the tip path d is drawn for the scan over the different regions. (c) 

Density of states of a one and two layer thick NaCl(100) film on Au(111) substrate at a low 

positive bias voltage between the tip and the sample than that of (a). (d) tip path d for the 

scanning constant current mode over the different regions of the sample.  
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First of all, bulk NaCl is an insulator with a band gap value of 8.97 eV and therefore 

for small bias voltages there are no unoccupied states of the NaCl(100) film for the tip 

electrons to tunnel to. Fig. 4.8 illustrates schematically the scanning procedure which results 

in the line profile given in Fig. 4.7 (C). The constant current mode is chosen for our STM 

measurement and we assume that the density of states of the tip remains constant so that the 

tunneling current is proportional to the integral of the density of states of the sample, ρs. 

 

The electronic properties of a semiconductor or an insulator are determined by their 

band gap, which corresponds to the energy range between the maximum of the valence band 

and the minimum of the conduction band where no electron states exist. For NaCl the band 

gap is larger than 8 eV, which makes it an insulator. However, when such an insulating thin 

film is grown on metal surfaces, the electronic states of the film couple to the states of the 

substrate and new electronic states appear in the band gap, allowing for STM imaging at low 

voltage as was observed for MgO thin films grown on Ag(111) [37].  

 

To understand the bias-dependent appearance of the NaCl layers in Fig.4.7, let us 

discuss the contribution to the tunnel current of the one layer thick and two layer thick NaCl 

islands. The tunneling current is given by: I dEeUETeUEE S

eU

T ),(),()(
0

⋅⋅∝ ∫ ρρ  as discussed 

in chapter II. We assume that the contribution of T and ρt is constant over the whole energy 

range so that the current I will depend only on the integrated density of states of the surface. 

In Figs. 4.8(a,c), we draw schematically the density of states of one monolayer (1 ML) thick 

and two monolayer (2 ML) thick NaCl islands. The 1L island is more strongly coupled to the 

gold surface than the 2L island and the 2L island is more insulating than the 1 layer island. 

We assume that the valence and conduction bands of the two types of islands are not shifted 

one with respect to the other. At high negative bias, as drawn in Fig. 4.8(a), when the tip is on 

top of the 1 ML thick island, the contribution to the tunneling current is represented by the 

blue area which marks the integrated density of states of the 1st NaCl layer. In that case the 

blue area is positive (the signal is higher than the contribution of the bare gold surface), this 

means that the vertical tip position will be at a larger distance from the 1 ML island than from 

the bare gold, leading to a positive value of d1st, Fig.4.8(b). In the case of the 2 ML island, the 

signal is negative (the signal is lower than the contribution of the bare gold surface), this is 

why d2nd is negative (lower than from the gold level). At low positive voltage, Fig. 4.8(c), the 
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tunnel contribution of the 1 ML island is still positive, so d1st is positive too. In the case of the 

2 ML island, the pink area becomes now positive, and above a certain bias, the value d2nd can 

appear larger than d1st, as represented in Fig.4.8(d). We acknowledge that the representation 

of the NaCl density of states is simplified, however it permits to explain the STM images 

presented in Fig.4.7.  

A more accurate representation of the NaCl density of states and the tunneling 

contributions would require recording dI/dV spectra of the surface at very low temperature 

[37]. However these facilities were not available during this PhD project. Alternatively, DFT 

calculations would be necessary, similar to the ones available for NaCl/Ge(001) [38; 39]. 

 

As shown by Figs. 4.7 and 4.8, the NaCl layers on Au(111) act as an insulating thin film and 

that the NaCl electronic properties change with NaCl thickness. Figs. 4.7 and 4.8 show that 

increasing the NaCl thickness reduces the conductivity between the STM tip and the gold 

substrate. NaCl thin films are promising substrates to decouple supported nanostructures from 

a metal support. As was shown by Qiu et al [2] on ultra thin Al2O3 films, insulating thin films 

can be used to decrease the coupling between the molecules and their metal support with the 

aim of observing the vibronic states of molecules by STM and scanning tunneling 

microscopy (STM) and spectroscopy (STS) at low temperature. On the other hand, STS 

experiments performed on pentacene molecules adsorbed on NaCl/Cu(111) show a 

significant influence of the film thickness on the molecular gap [40]. 

 

 

4.3 NaCl Islands Decorated with PTCDA Clusters on Au(111) 

 

Organic structures grown on insulating thin films are promising materials to develop 

new molecular devices. Controlling the formation of molecular nanostructures on surfaces is 

a key parameter to optimize device performances.  

 

In this section, we investigate using STM the ordering of PTCDA molecules 

deposited on an Au(111)-(22×√3) partially and fully covered with NaCl thin film.  
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4.3.1 Sample preparation 
 

A 150 nm thick Au(111) film on mica, prepared in a custom built deposition system, 

was introduced into the vacuum chamber as the substrate. Sub-monolayer NaCl thin film was 

deposited from a crucible at a temperature of 723 K with a deposition rate of ~1 Å/min 

(preparation details in section 4.4). PTCDA was deposited from a crucible at a temperature of 

533 K onto both the bare Au(111) substrate and a NaCl(100) multi-layer on Au(111) held at 

room temperature, to compare the adsorption behaviour on the two substrates. Cut PtIr wire 

was used as STM tip to obtain constant current images at room temperature with a bias 

voltage applied with respect to the sample.  

 

4.3.2 Deposition of PTCDA molecules on a Au(111) surface partially 
covered with NaCl 

 
Fig. 9 shows an STM image of PTCDA deposited on a Au(111)-(22×√3) partially 

covered by NaCl islands and demonstrates  

 

 

FIG. 4.9: PTCDA and NaCl islands on Au(111) surface (60×60 nm2; Vs = +0.4 V, It = 0.3 

nA). PTCDA domains are highlighted in orange color. 

 

  The PTCDA molecules self organize into herringbone domains on bare Au(111)-

(22×√3) surface and the NaCl islands on the Au(111)-(22×√3) surface act as preferential sites 

for the nucleation of PTCDA domains. PTCDA domains grow on the Au(111) surface next to 
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NaCl island step edges. PTCDA 2D domains are not observed on the NaCl island top surface 

at room temperature.  

 

4.3.3 Deposition of PTCDA molecules on NaCl(100) thin film 
 

Fig. 4.10 shows an STM image of the surface when PTCDA molecules are deposited 

at room temperature on an Au(111)-(22×√3) surface fully coved with NaCl layers. When the 

Au surface is fully covered by NaCl layers, PTCDA form 3D clusters, bright spots in the 

STM images, Figs. 4.10.  Note that as the NaCl layers are progressively insulating the gold 

metal surface, the NaCl layer height measured by STM is strongly dependent of the 

tunnelling parameters and the NaCl thickness, as can be observed in Fig. 4. 10 where the 3rd 

NaCl layer appears darker than the 1st and 2nd NaCl layer. 

These observations show that PTCDA molecules are diffusing on Au and NaCl 

surfaces at room temperature and that NaCl step edges are preferential nucleation sites of 

PTCDA nanostructures. This finding is in agreement with previous nc-AFM experiments 

showing a high RT diffusion rate for PTCDA [41, 42] on alkali halide surfaces. 

Epitaxial 2D-growth of PTCDA domains on NaCl surface seems energetically 

unfavourable as PTCDA molecules prefer to form 3D clusters rather than 2-dimensional (2D) 

layers on the NaCl islands. The high resolution STM image in Fig. 4.10 shows that PTCDA 

clusters are decorating the NaCl layer edges[42]. While in comparision, when 

PTCDA is deposited on NaCl bulk crystals [43], the authors observed PTCDA forms layers 

on the NaCl crystal surface. This suggests that the (100) surface of NaCl crystal and the (100) 

surface of the NaCl/Au(111) thin film are not identical. Therefore this indicates that NaCl 

surface preparation is a key factor driving the molecular ordering, as well as molecular 

deposition conditions (surface temperature, flux, concentration.) In may also be possible that  

the gold reconstruction affects the NaCl crystalline periodicity of the NaCl thin film and that 

the NaCl layer modulation induced by the gold reconstruction result in a molecular epitaxy 

less favorable on NaCl/Au than on NaCl bulk crystal. This is also what is suggested by the 

Canas paper. From our  observations, we can conclude that the PTCDA-NaCl interaction is 

even weaker than the molecule-metal (PTCDA-Au) interaction. 
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FIG. 4.10: PTCDA deposited on a Au(111) surface fully covered with NaCl islands : 

100×100 nm2; Vs = +0.3 V, It = 0.3 nA. NaCl 1
st, 2nd and 3rd layers are labelled 1st, 2nd, 3rd 

respectively. 

 

 

4.4 Conclusion 

 

In this work we have studied NaCl multi-layer islands grown on Au(111)-(22×√3) 

using scanning tunneling microscopy. By changing the tunneling parameters we were able to 

selectively image the first NaCl layer of the islands or the other layers. Atomically resolved 

STM images of the first NaCl layer indicate that NaCl grows as an epitaxial (100) thin film 

on Au(111)-(22×√3). Local atomic hexagonal packing has also been observed in the 

NaCl(100) layer. STM images of some NaCl layers show non-strictly-periodic stripes, which 

suggest that they can be non-crystalline or not perfectly crystallized. 

 

We next have investigated using STM the self-assembly of PTCDA molecules on 

NaCl/Au(111)-(22×√3). At sub-monolayer NaCl coverage, PTCDA molecules form 

molecular 2D domains on the Au(111) surface. NaCl(100) island step edges act as 
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preferential nucleation sites. At high NaCl coverage, PTCDA molecules form 3D clusters 

decorating the step edges of NaCl(100) islands. These observations show that NaCl can be 

used as a seed layer to grow 2D molecular domains on metal surfaces or as a substrate to 

grow 3D molecular clusters. These results show that NaCl layers are promising substrate to 

tailor molecular nanostructures in the aim to adjust their shape-dependent properties. 

 




