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Abstract 

 

In this contribution the photoreduction of silver ions coordinated onto a Langmuir-

Blodgett monolayer is presented as an effective method for the deposition of the top 

contact electrode in metal/monolayer/metal devices. Silver cations were incorporated from 

an aqueous AgNO3 sub-phase of Langmuir films of 4,4’-(1,4-phenylenebis(ethyne-2,1-

diyl))dibenzoic acid upon the transference of these films onto a metallic substrate. 

Subsequent irradiation of the silver-ion functionalized Langmuir-Blodgett films with 254 

nm light results in the photoreduction of silver cations to produce metallic silver 

nanoparticles, which are distributed over the organic monolayer and exhibit a surface 

coverage as large as 76 % of the monolayer surface. Electrical properties of these 

metal/monolayer/metal devices were determined by recording I-V curves, which show a 

sigmoidal behaviour indicative of well-behaved junctions free of metallic filaments and 

short-circuits. The integrity of the organic monolayer upon the irradiation process and 

formation of the silver top-contact electrode has also been demonstrated through cyclic 

voltammetry experiments. 
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Introduction 

 

 Despite the enormous progress in the field of molecular electronics in recent years
1
 

many scientific and technological challenges must still be addressed before molecular 

electronics can be considered a mature technology capable of reaching the market.
2
 Whilst 

the assembly of a well-ordered monolayer film of electrically functional molecules on a 

conducting substrate can be readily achieved by self-assembly or Langmuir-Blodgett 

methods, difficult challenges persist with regard to the deposition a ‘top-contact’ electrode 

onto such structures to complete the device-like structure. Significant problems in the 

fabrication of the top-contact electrode include damage of the functional single layer films 

during the deposition of the top, usually metallic, electrode by methods such as thermal 

evaporation, and penetration of the growing top-contact through the monolayer, which 

results in short circuits. Some recent reviews have analysed in detail the top-contact 

electrode problem, and summarised the contemporary strategies aimed at overcoming this 

issue.
3-8

 

Strategies from our group concerning the fabrication of the top-contact electrode 

have included the thermal induced decomposition of an organometallic compound 

(TIDOC) method,
9
 chemisorption of gold nanoparticles onto a monolayer surface-

functionalised with a terminal alkyne moiety (-C CH) resulting in the formation of a  C-

Au bond,
10

 and photoreduction of a gold precursor incorporated into the monolayer.
11

 In 

the latter method, a metal precursor ([AuCl4]
-
)
 
was incorporated onto a Langmuir-Blodgett 

(LB) film from the sub-phase during the fabrication process, with subsequent 

photoreduction leading to the formation of metallic gold nano-islands (GNIs) on top of the 

intact molecular film. This method required only optical illumination over the substrate 

area, and yielded metal|molecule|GNIs systems free of metallic inter-penetration and short 

circuits providing a route to nascent device structures. However, whilst excellent electrical 

contact between the underlying monolayer and the GNI-based top-contacts was achieved, 

the surface coverage of these GNI-based top-electrodes was sparse, and despite the 

extremely useful electrical properties of gold, the mobile nature of this metal prevents its 

use in modern electronic devices. In addition, although gold remains the work-horse 

material for electrodes used in molecular electronics, there is a rapidly growing body of 

work which has demonstrated the additional fundamental science concerning charge 
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transport and tunnel barriers that can be gleaned from comparative studies of devices 

constructed from different electrode materials.  

In this contribution, the soft photochemical procedure is extended to the fabrication 

of silver top-contacts, with a larger surface coverage of metal nanoparticles than previously 

achieved with gold, on monolayers of an oligo(phenylene ethynylene) (OPE) derivative, 

4,4’-(1,4-phenylenebis(ethyne-2,1-diyl))dibenzoic acid (1H2, Figure 1).  

Compound 1H2 is a symmetric OPE derivative, which has been shown to form 

homogeneous and highly ordered Langmuir-Blodgett (LB) films.
12

 On one other hand, the 

proton associated with the carboxylic acid (–COOH) of 1H2 within the aqueous sub-phase 

is readily exchanged for other cations introduced into the aqueous sub-phase. If the 

majoritary cation in the subphase is Ag
+
, then a Langmuir film denoted as 1HAg

+
 is 

formed. These silver cations are transferred onto LB films to maintain the electroneutrality 

of the system. Silver cations also incorporate some water molecules as part of their 

hydration sphere.
13

 On the other hand, the tendency of carboxylic groups to chemisorb 

onto metals such as gold or silver is also well-known,
14, 15

 and when the gold substrate is 

introduced in the water subphase the carboxylate group is chemisorbed onto the metal 

surface, which involves deprotonation of the terminal carboxylic acid to form 1Ag
+
 LB 

films. Subsequent photoreduction of the coordinated silver cations in 1Ag
+
 LB films 

results in the formation of disk-like metallic silver nanoparticles, which cover a significant 

portion of the film surface, and this system is denoted here as 1AgNP. The photoreduction 

mechanism of silver cations
16

 as well as the subsequent nucleation and growth mechanism 

of the silver nanoparticles
17, 18

 have been detailed studied before. Figure 1 summarizes the 

method proposed in this work for the fabrication of metal/monolayer/metal devices. 

 

 



 5 

Figure 1. Top image: 4,4’-(1,4-phenylenebis(ethyne-2,1-diyl))dibenzoic acid (1H2). Bottom 

image: schematic of the Au|monolayer|Ag device fabrication strategy: (a) Langmuir film of 

1H2 spread onto an aqueous sub-phase containing AgNO3; the carboxylic acid in contact with 

the aqueous sub-phase is deprotonated and a double ionic layer incorporating the majoritary 

cation is formed, 1HAg
+
 film. (b) Transference of the 1HAg

+
 Langmuir film by immersion of 

a gold substrate into the water sub-phase results in the formation of a Langmuir-Blodgett (LB) 

monolayer in which the carboxylic group not immersed in the aqueous sub-phase is 

chemisorbed onto the gold substrate and the carboxylate group immersed in the aqueous 

subphase incorporates silver cations to maintain the electroneutrality of the system, 1Ag
+
 

film. (c) Irradiation of the 1Ag
+
 LB monolayer results in photoreduction of the silver cations 

and formation of silver nanoparticles. The film is denoted as 1AgNPs. 

 

Experimental  

 

The compound 4,4’-[1,4-phenylenebis(ethyne-2,1-diyl)]-dibenzoic acid (1H2) was 

prepared as described elsewhere.
11

 A Nima Teflon trough with dimensions (720  100) 

mm
2
 housed in a constant temperature (20 ± 1 ºC) clean room was used to prepare the 

films. The surface pressure ( ) of the monolayers was measured by using a Wilhelmy 

paper plate pressure sensor. Ultrapure Millipore Milli-Q
®
 water (resistivity 18.2 M ·cm) 

was used as sub-phase. The spreading solutions with a concentration of 10
-5

 M 1H2 were 

prepared in chloroform (HPLC grade, 99.9 % purchased from Sigma and used as received). 

To construct the Langmuir films, the solution was spread drop-by-drop using a Hamilton 

micro-syringe held very close to an aqueous surface, allowing the surface pressure to 

return to a value as close as possible to zero between each addition. The spreading solvent 

was allowed to completely evaporate over a period of at least 15 min before compression 

of the Langmuir film at a constant sweeping speed of 0.02 nm
2
·molecule

-1
·min

-1
. The V-A 

measurements were carried out using a Kelvin Probe provided by Nanofilm Technologie 

GmbH, Göttingen, Germany. The direct visualization of the monolayer formation at the 

air/water interface was studied using a commercial micro-Brewster angle microscopy 

(micro-BAM) from KSV-NIMA, having a lateral resolution better than 12 m. 

The films were deposited on solid substrates of quartz, mica, glass or gold 

depending on the characterization technique to be subsequently used, at a constant surface 

pressure by the vertical dipping method (substrates initially outside of the water sub-phase) 
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with a dipping speed of 0.6 cm·min
-1

. Gold substrates were purchased from Arrandee®, 

Schroeer, Germany and were flame-annealed at approximately 800-1000 ºC with a Bunsen 

burner immediately prior to use to prepare atomically flat Au(111) terraces.
19

 X-ray 

photoelectron spectroscopy (XPS) spectra were acquired on a Kratos AXIS ultra DLD 

spectrometer with a monochromatic Al K  X-ray source (1486.6 eV) using a pass energy 

of 20 eV. To provide a precise energy calibration, the XPS binding energies were 

referenced to the C1s peak at 284.6 eV. UV-visible spectra were acquired on a Varian Cary 

50 spectrophotometer and recorded using a normal incident angle with respect to the film 

plane. AFM images were obtained in Tapping and Peak-Force modes using a Multimode 8 

microscope equipped with a Nanoscope V control unit from Bruker operating in ambient 

air conditions at a scan rate of 0.5–1.2 Hz. To this end, RFESPA-75 (75-100 kHz, and 1.5–

6 N·m
-1

, nominal radius of 8 nm) and ScanAsyst-Air-HR (130–160 kHz, and 0.4–0.6 N·m
-

1
, nominal radius of 2 nm) tips, purchased from Bruker, were used. In order to minimize tip 

convolution effects affecting the AgNPs width, data obtained from AFM image profiling 

have been corrected according to Canet-Ferrer et al.
20

 Electrical properties of the molecular 

junctions were recorded with a conductive-AFM (Bruker ICON) under humidity control, 

ca. 40%, with a N2 flow using the Peak Force Tunnelling AFM (PF-TUNA™) mode, and 

employing a PF-TUNA™ cantilever from Bruker (coated with Pt/Ir 20 nm, ca. 25 nm 

radius, 0.4 N·m
-1

 spring constant and 70 kHz resonance frequency).  

Cyclic voltammetry (CV) experiments were performed using a potentiostat from 

EcoChemie and a standard three electrode cell, where the working electrode was a bare Au 

(111) electrode, a monolayer modified Au(111) electrode, or a monolayer/AgNP modified 

Au(111) electrode. These working electrodes were connected to the potentiostat by means 

of a cable ended in a metallic tweezer that held the electrode. The reference electrode was 

Ag/AgCl, KCl (3M) and the counter electrode was a Pt sheet. 

 

Results and Discussion 

 

Langmuir films were formed from 10
-5

 M solutions of 1H2 in CHCl3 on both pure 

water and 4·10
-4

 M AgNO3 aqueous sub-phases. The surface pressure vs. area per molecule 

(π-A) isotherms obtained for the film from a pure water sub-phase features a lift-off at ca. 

0.80 nm
2
·molecule

-1
 whilst the monolayer prepared on an AgNO3 aqueous sub-phase, 

shows the lift-off at a slightly smaller area, ca. 0.65 nm
2
·molecule

-1
 (Figure 2). Figure 2 
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also includes the surface potential isotherms recorded upon the compression process in 

both sub-phases. The significantly lower values for the surface potential of Langmuir films 

on the AgNO3 aqueous sub-phase in comparison to the pure water sub-phase are indicative 

of a better charge compensation of the double ionic layer in the presence of the silver salt, 

which could indicate silver ion complexation by the carboxylate head group.
21

 The surface 

potential vs. area per molecule ( V-A) isotherms clearly evidence the collapse of the 

monolayers at areas per molecule of 0.29 nm
2
 (which corresponds to a surface pressure of 

22 mN·m
-1

 in the -A isotherm) and 0.36 nm
2
 (which corresponds to a surface pressure of 

17 mN·m
-1 

in the -A isotherm) in water and AgNO3 aqueous sub-phase, respectively 

(abrupt decrease in the surface potential isotherms).
22

 Brewster angle microscopy (BAM) 

images confirm the formation of a homogeneous Langmuir film from 1H2 on the AgNO3 

aqueous sub-phase, 1HAg
+
 film, without the presence of three-dimensional structures at 

surface pressures below the collapse of the monolayer (Figure 3). 

 

Figure 2. Representative surface pressure and surface potential vs. area per molecule 

isotherms formed from 1H2 on pure water (1H2) and 4·10
-4

 M AgNO3 (1HAg
+
) aqueous 

sub-phases.  
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Figure 3. Brewster Angle Microscopy images of Langmuir films formed from 1H2 on 

an AgNO3 aqueous sub-phase (1HAg
+
) at the indicated surface pressures. The collapse of 

the monolayer can be observed in the bottom right image. The field of view along the x 

axes for the BAM images is 3300 m. 

 

The Langmuir monolayers 1HAg
+
 were transferred onto solid substrates, that were 

initially held outside of the aqueous AgNO3 sub-phase, by the vertical dipping method at a 

surface pressure of 15 mN·m
-1

 to form monolayer Langmuir-Blodgett films. The transfer 

ratio (defined as the decrease in monolayer area during the deposition divided by the area 

of the substrate) calculated using the trough software was 1. Under these transference 

conditions (substrates initially outside of the sub-phase) the carboxylic group not immersed 

in the aqueous sub-phase is directly attached to the substrate, denoted here as 1Ag
+
 films. 

XPS experiments confirm the chemisorption of a carboxylate moiety onto gold substrates, 

as reported previously.
12

 

 

 Figure 4 shows the UV-vis spectrum of a pristine monolayer LB film of 1Ag
+
 

transferred onto a quartz substrate from an AgNO3 aqueous solution as sub-phase. This 

spectrum features a band at 330 nm, which is likely to result from unresolved - * 

transitions associated with the OPE backbone,
23

 and observed at approximately the same 

wavelength as the analogous transitions of 1H2 in solution. Irradiation of the LB film 1Ag
+
 

with UV light (254 nm) results in the appearance of a small broad peak at ca. 460 nm, 

attributable to surface plasmon resonance of silver nanoparticles.
24

 The plasmon peak 

reaches a maximum intensity after 15 minutes of irradiation. 
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Figure 4. UV-vis spectra of a pristine single layer LB film of 1Ag
+
 and the same film after 

irradiation with UV light at 254 nm.  

 

The observation of a plasmon band is consistent with the formation of silver 

nanoparticles (AgNPs) on top of the LB film after irradiation. These films are denoted 

1AgNP to distinguish them from the silver ion complexed films 1Ag
+
. Formation of 

metallic silver on these monolayers has also been demonstrated by XPS. Figure 5 shows 

the XPS spectra of irradiated LB films of 1AgNP on a gold substrate. The Ag(3d) region 

for the film after irradiation shows two peaks at 367.8 and 373.8 eV in good agreement 

with the peaks for Ag(0) reported in the literature.
25, 26

 In addition, the area ratio of 4:3 and 

the peak separation, 6 eV, is also consistent with metallic silver.
25, 26

  

 

 

Figure 5. XPS spectra of Ag(3d) photoelectrons of a one-layer LB film of 1AgNP, formed 

following transference of a LB film of 1Ag
+
 from an AgNO3 aqueous solution and 

irradiated at 254 nm for 15 minutes.  

 

However, neither UV-vis spectroscopy nor XPS provide any information about the 

distribution of the silver nanoparticles on the surface of the film of 1AgNP. To investigate 

this issue, the surface was studied by atomic force microscopy (AFM). Figure 6.a shows an 

AFM image of a LB film of 1Ag
+
 before and after irradiation. In comparison to the smooth 

and featureless surface exhibited by a pristine LB film of 1Ag
+
 (surface roughness, 

calculated in terms of the Root Mean Square (RMS), 0.4 ± 0.1 nm over areas of 300 x 300 

nm
2
), after irradiation an organic-layer modified substrate homogeneously covered by 

disk-shaped particles closely assembled into a tightly packed 2D-arrangement, with low 

occurrence of irregular 3D Ag-aggregates is obtained. The RMS roughness of irradiated-
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film is 2.6 ± 0.2 nm, clearly much greater than that of the original 1Ag
+
 film. A statistical 

analysis of the AFM images reveal that these AgNPs have an average diameter of around 

28 nm (corrected by the tip convolution) and an average height of ca. 6.9 nm (Figures 6.b 

and 6.c). Additionally, AFM images indicate a large surface coverage by the silver 

nanoparticles. A bearing analysis of the AFM images was made, in which the depths of all 

pixels of the image was analysed with respect to a reference point taken as the highest 

pixel. This analysis gave an estimated surface coverage of 76 %. This surface coverage is 

significantly higher than that observed for the photoreduction of a gold precursor,
11

 

indicating that silver has a larger tendency to form extended structures across the LB film. 

This result represents a step forward since this large surface packing of the silver 

nanoparticles may facilitate a subsequent step towards the complete metallization of 

monolayers by chemical vapour or electroless deposition processes without damaging the 

underlying organic monolayer. 

 

 

Figure 6. (a) 500 x 500 nm
2
 AFM images of a monolayer LB film of 1Ag

+
 transferred 

from an AgNO3 aqueous solution before (left panel) and after irradiation for 15 minutes at 
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254 nm (right panel). (b) Cross section of a representative AFM image and analysis profile 

illustrating the dimensions of the AgNPs. (c) Histograms showing the particle diameter 

(blue line) and height distribution (red line) corresponding to 100 AgNPs proceeding from 

different AFM images. Averaged NPs diameter and height values are depicted in the box 

below. 

As noted above, a frequent difficulty encountered in the fabrication of metal-

monolayer-metal devices is the deposition of the top contact electrode without the 

formation of short-circuits as a consequence of penetration of the growing top-contact 

electrode through the monolayer and subsequent contact with the underlying bottom 

electrode.
27-29

 Consequently, it is critical to verify whether the irradiation of an LB film of 

1Ag
+
 to generate 1AgNP leads to short-circuits or if the layer-like arrangement of AgNPs 

formed from this soft photochemical method is effective route towards a top-contact 

electrode. For that, I-V curves were recorded for these metal-monolayer-AgNPs structures 

using a conductive-AFM, c-AFM.
30-34

 The AFM system is equipped with a low noise 

current amplifier and Pt/Ir coated AFM tips were used, with a typical elastic contact value 

of around 0.5 N·m
-1

 (PFTUNA, Bruker). Images were taken using the peak-force tapping 

mode, in which the tip makes intermittent contact with the surface at a frequency of 2 kHz. 

The maximum force (peak-force) is set typically below 10 nN, to limit damage to the 

surface and detrimental lateral forces. These characteristics make the peak-force tapping 

mode a useful strategy for the conductivity mapping of soft or fragile samples, since lateral 

forces are largely avoided. After acquiring an image, I-V curves were recorded by 

positioning the AFM tip on a specific location of the surface (for example, on top of an 

AgNP), establishing contact at a suitable force (usually larger than the peak-force value) 

and applying a bias between the LB-coated gold substrate and the tip. Too much force 

results in unacceptably large deformation of the monolayer underlying the AgNPs, while 

too little force yields an inadequate electrical contact between the AFM probe tip and the 

AgNP. Figure 7 shows how an increase in the applied force results in a more effective 

contact between the tip and the AgNPs leading to a higher conductance. It is worth 

indicating here that these high forces (17.5 or 24 nN), required to make a reasonable 

contact, do not damage the organic layer during the determination of the electrical 

properties. Figure 8 shows a representative I-V curve of all the curves (ca. 250 curves) 

recorded using a set-point force of 17.5 nN as well as the conductance histogram built by 

adding all the experimental data in the −0.5 to 0.5 V ohmic region for each of the 250 I–V 

curves obtained experimentally at a set-point force of 17.5 nN (inset bottom right in Figure 
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8). These I-V curves exhibit a linear section only at relatively low bias voltages and 

increasing curvature at higher bias, which is the common behaviour observed in metal-

molecule-metal junctions. Importantly, no low resistance trace characteristics of metallic 

short circuits have been observed. In addition, I-V curves registered on regions of the 

organic monolayer not covered by AgNPs also exhibit the typical shape observed for 

metal–molecule–metal junctions (inset top in Figure 8), which rules out the presence of 

short-circuits and confirms that robust and reliable top-contacts have been prepared by 

photoreduction of a silver precursor without damaging the underlying organic monolayer 

film or altering/contaminating the interfaces. 

 

Figure 7. Average conductance values measured by locating the tip of the c-AFM on top 

of AgNPs at the indicated set-point forces. Inset: a scheme of the studied metal|1AgNPs 

structures.  
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Figure 8. Representative I–V curve obtained by positioning the c-AFM tip on top of 

AgNPs in a 1AgNP film. The set-point force used was 17.5 nN. Inset bottom: conductance 

histogram built from all the experimental data from -0.5 to 0.5 V for each I–V curve 

recorded (ca. 250 curves) at this set-point force. Inset top: representative I–V curve 

obtained by positioning the c-AFM tip on the organic monolayer not covered by AgNPs 

when a set-point force of 8 nN was applied; at higher set-point forces the LB film is 

damaged. 

 

Cyclic votammetry (CV) experiments have been used as a further confirmation that 

no significant alterations of the organic monolayer took place during the photoreduction 

process. Thus, CV experiments using working electrodes modified by the three different 

steps associated with the fabrication of the Au(111)/monolayer of 1AgNP devices were 

recorded in 0.1 M NaOH and the obtained results are presented in Figure 9. 
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Figure 9. Black: cyclic voltammograms recorded for a bare Au(111) electrode. Red: 

monolayer of 1H2 transferred onto a Au(111) substrate. Blue: Au(111)/monolayer with 

overlying silver nanoparticles (1AgNP). All the voltammograms were recorded in a 0.1 M 

NaOH aqueous solution at 0.1 V·s
-1

 using a Ag/AgCl, KCl (3M) reference electrode.  

 

The electrochemical response recorded for the bare gold electrode corresponds well 

with that typically observed for Au(111)-oriented surfaces in alkaline media.
35

 In particular 

characteristic voltammetric peaks related to the gold oxide formation (nominally described 

here as AuO) are observed, identified with black letters as A1 and A2, as well as the 

corresponding electroreduction in the cathodic scan, labelled as C. Once the Au(111) 

electrode is modified with a single layer LB film, a dramatic decrease in the charge density 

along with a shift towards more positive potentials is observed for the electrochemical 

formation of the gold oxide monolayer. This corresponds to an inhibition of AuO 

formation since the surface is initially covered with a single layer LB film. At the most 

positive potentials (> 0.5 V) current is seen to flow which could correspond to AuO 

formation and perhaps partial oxidation of the organic monolayer film. Since a peak is seen 

at the potential expected for AuO reduction in the reverse sweep it is reasonable to assume 

that the anodic peak at E > 0.5 V corresponds mainly to oxide formation on the gold 

surface beneath the organic monolayer. Finally, the electrochemical response of the AgNPs 

deposited onto the monolayer, resembles closely that previously reported for AgNP-based 

electrodes in alkaline media,
36

 since it exhibits two anodic and two cathodic voltammetric 

peaks marked (in blue) as A’1, A’2, and C’1, C’3, as well as a poorly resolved feature at 

C’2, respectively. Although the stoichiometry of the formed surface oxides are not well 

characterized for such conditions, based on the chemistry of silver these could correspond 
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successively to the formation (A) and reduction (C) of the Ag(OH)2 and Ag2O monolayer, 

Ag2O multilayer, and finally the oxidation of Ag2O to AgO. Note that for this system the 

exposed silver surface area from the nanoparticles decorating the surface will be much 

larger than the smooth Au(111) substrate and as such the contributions from the formation 

of oxide on the underlying Au(111) surface are negligible compared to oxidation of the 

AgNPs in this voltammogram. Therefore, after the formation of AgNPs on the external 

surface of the single layer LB film (1AgNP), electron transfer through the organic layer 

occurs and, consequently, the applied electrochemical potential is experienced by the outer 

AgNPs/electrolyte interface as elegantly stated by Allongue et al.
37

 and supported by 

Gooding and co-workers.
38

 These results further confirm that the photoreduction of silver 

cations to metallic nanoparticles results in a robust sandwiched composite comprising a 

gold single-crystal, a tightly packed and almost free-defect 2D-organic monolayer, and a 

silver-nanoparticle-based top contact. 

 

Conclusions 

 

 In this contribution, photoreduction of a silver cation coordinated to a LB film 

terminated in a carboxylic group is shown to be suitable for the fabrication of a top-contact 

metal electrode in molecular junctions with a large surface coverage. Additionally, it has 

been shown that this method does not result in short-circuits which is a rather common 

problem in other traditional techniques for the preparation of top contact electrodes. The 

large surface coverage achieved would facilitate the subsequent application of other 

methods to achieve a complete metallization of the monolayer minimizing the risk of short 

circuits (e.g., electroless deposition, metal evaporation, etc.). Also the use of masks that 

allow the irradiation of the desired areas of the sample would result in the fabrication of 

arrays of devices. 
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