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We use conductive atomic force microscopy (CAFM) to study the origin of long-range 

conductivity in model transparent conductive electrodes composed of networks of reduced 

graphene oxide (rGOX) and silver nanowires (AgNW), with nanoscale spatial resolution. Pristine 

networks of rGOX (1-3 monolayers-thick) and AgNWs exhibit sheet resistances of ~100-1000 

k/□, and 100-900 /□, respectively. When the materials are deposited sequentially to form 

bilayer rGOX/AgNW electrodes and thermally annealed at 200 °C, the sheet resistance reduces by 

up to 36% as compared to pristine AgNW networks. CAFM was used to analyze the current 

spreading in both systems in order to identify the nanoscale phenomena responsible for this effect. 

For rGOX networks the low intra-flake conductivity and the inter-flake contact resistance is found 

to dominate the macroscopic sheet resistance, while for AgNW networks the latter is determined 

by the density of the inter-AgNW junctions and their associated resistance. In the case of the 

bilayer rGOX/AgNWs networks, rGOX flakes are found to form conductive “bridges” between 

AgNWs. We show that these additional nanoscopic electrical connections are responsible for the 

enhanced macroscopic conductivity of the bilayer rGOX/AgNW electrodes. Finally, the critical 

role of thermal annealing on the formation of these nanoscopic connections is discussed.  
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I. INTRODUCTION  

The emergence of new forms of electronic materials such as carbon-based systems, metal oxides, 

and metal nanowires in the last decade has enabled the development of transparent and flexible 

electronics that can be solution processed using inexpensive techniques over large-area substrates 

at low temperatures.1, 2 Indium tin oxide (ITO) is the most common and widely used transparent 

conductor, however, diminishing supplies and rising prices of indium have prompted significant 

research on alternative transparent electrode material systems.3, 4 Silver nanowires (AgNWs), in 

particular, have attracted significant interest as a possible replacement for ITO due to silver’s high 

conductivity (6.3×107 S/m)5 and the well-established synthetic routes available.6 To this end, 

AgNW electrodes have already been successfully utilized as transparent electrodes in a range of 

low-end applications including, solar cells,7-9 touch screens10-12 and organic light-emitting diodes 

(OLEDs).13-16 One unique characteristic of AgNWs is that they combine the inherently high 

electrical conductivity of metals with the solution processing characteristics of organic-based 

materials. The combination of these attractive attributes enables deposition of highly transparent 

and electrically conductive layers on arbitrary substrate materials over large areas using 

inexpensive and scalable deposition techniques.  

AgNWs are generally deposited onto substrates from suspensions using various methods 

including, spincoating,17, 18 spraying,16, 19-22 and wire bar coating.5 In such nanoscopic networks, 

the macroscopic conductivity of the resulting electrode is limited by the percolating properties of 

the network, which it is in turn dictated by the nanowire’s geometry and their density on the 

substrate’s surface.23,24 In the case of AgNWs, such resistive loses can be greatly reduced through 

post-deposition process steps such as thermal and electrical annealing,24-27 as well as application 

of high pressure.25 Alternatively, the AgNW networks can be combined with sequentially 

deposited interlayer materials such as hole injecting interlayers, which can both assist with the 
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tuning of the electrode’s microscopic work function as well as reduce its sheet resistance due to 

their role as conductive binder material.16 AgNWs networks are also known for their poor adhesion 

to most substrate materials, which leads to relatively poor mechanical stability which is important, 

although not critical, for use in large area electronics.5 A further potential disadvantage of AgNW 

networks is that their electrical conductivity can degrade upon exposure to air, primarily due to 

nanowire surface oxidation.28, 29  

One approach that has been shown to improve the stability and performance of conductive 

AgNW networks is by blending the nanowires with a semi/conductive binder material.6 The latter 

method has been shown to increase both the mechanical stability and conductivity of the network.5, 

30-33 Although the nanoscopic origin of the latter is still debatable, different theories have been put 

forward to explain the experimental results. Chen et al., proposed that the conductive binder aids 

charge transport between nanowires with an overall positive impact on the network’s macroscopic 

conductivity.30 Zhu et al. on the other hand argued that upon solution-deposition and thermal 

annealing, evaporation of the solvent used to dissolve the binder material produces capillary forces 

that draw the AgNWs closer together, decreasing the inter-AgNWs junction resistance and hence 

reducing the macroscopic sheet resistivity of the network.34 However, synergistic effects of these, 

or more, effects may well be at work and cannot be fully disregarded at this point.  

Another binder/interlayer material system that has been proposed recently is graphene 

oxide (GOX), a solution processable two-dimensional material with relatively high conductivity 

and appreciable charge carrier mobility.35, 36 Unlike graphene, however, GOX contains a large 

number of lattice defects that are populated by oxide/hydroxide groups that act as charge traps and 

contribute to its inferior electrical performance. However, the presence of these oxide/hydroxide 

surface groups render GOX more hydrophilic and hence easier to process onto large-area substrates 
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than solutions of exfoliated graphene.5 This advantageous characteristic is the primary reason why 

interest in using GOX in transparent conductive electrodes continues to increase.37-40 Importantly, 

GOX can be converted to the more conductive form of reduced graphene oxide (rGOX) via thermal 

annealing or chemical treatment.41 Although conversion of GOX to rGOX decreases the density of 

hydroxyl groups, a significant density of structural defects remains. As a result the conductivity of 

rGOX is well below that of pristine graphene.41  

Recently, several groups have reported the occurrence of strong electrostatic interactions 

between AgNWs and graphene-based materials.5, 42, 43 The apparent compatibility between the two 

systems has led to the development of transparent and flexible rGOX/AgNW nano-composite 

electrodes and devices.5, 29-32, 44 Combination of rGOX and metal nanowires in bilayer configuration 

has also been shown to improve the mechanical and chemical stability of the electrode5, 31 while 

improving its macroscopic conductivity.29-31, 44, 45 Despite the great promise, however, to date there 

has been no in-depth analysis of the nano-scale phenomena responsible for the increased 

conductivity in such hybrid networks. Understanding these phenomena may well hold the key for 

future developments in this field and as such demand further attention.  

Here, we use lateral conductive atomic force microscopy (CAFM) to study the current 

spreading in pristine (rGOX, AgNW) and bilayer rGOX/AgNW networks, with nanometer 

resolution. Particular emphasis is placed on the bilayer electrodes comprised of AgNWs deposited 

onto 1-3 monolayers-thick rGOX networks. Lateral CAFM measurements reveal the key role of 

rGOX flakes on the formation of inter-AgNW electrical connections upon thermal annealing at 

200 °C. On the basis of these results we propose that the presence of these nano-scale rGOX-

mediated conductive “bridges” formed between AgNWs is primarily responsible for the significant 

increase in the macroscopic conductivity of the rGOX/AgNW electrodes.  
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II. METHODS  

Networks of rGOX, AgNW and rGOX/AgNW were characterized using optical transmission and 

electrical sheet resistance measurements. Quartz substrates were used for optical transmission 

measurements while sheet resistance analysis was performed on layers processed on doped Si++ 

wafers with a thermally grown 400 nm-thick layer of SiO2 acting as the insulator. CAFM 

measurements were performed using the same Si++/SiO2 substrates equipped with thermally 

evaporated Au electrodes acting as the remote electrodes. Prior to rGOX and AgNW deposition, 

substrates were subjected to UV/ozone for 10 minutes to remove unwanted contaminants.  

Graphene oxide (GOX) was purchased from Graphene Supermarket (6 mg/ml in H2O) and 

was diluted to 0.5 mg/ml in H2O. GOX dispersions were then spin-coated onto the cleaned 

substrates at 1300 rpm for 2 min resulting to the formation of 1-3 monolayers-thick GOX networks. 

Reduced GOX (rGOX) was obtained by thermal annealing the GOX networks in nitrogen at 200 °C 

for 1 h.  

Ethanol-based AgNW dispersions were purchased from Blue Nano at an initial suspension 

concentration of 10 mg/ml. The dispersions were then diluted to varying concentrations and spin-

coated at 2000 rpm for 1 min in ambient air. As-deposited AgNW networks were then annealed in 

nitrogen at 200 °C for 1 h. rGOX/AgNW bilayer networks were grown by depositing first a 1-3 

monolayer-thick GOX network and thermally annealing it at 200 °C for 1 h in nitrogen, followed 

by the deposition of the AgNW dispersion. The resulting bilayer rGOX/AgNW networks were 

finally annealed at 200 °C for 1 h in nitrogen.  

CAFM measurements were performed using an Agilent 5500 AFM system in CAFM mode 

using a Ti/Pt conductive tip purchased from MikroMasch. The CAFM mode operated at a bias 

range of ±10 V with an imaging current saturation level of 10 nA. Electrical connection between 
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the Au electrode and the ground terminal was made using a fine copper wire using conductive 

silver paste. Detailed description of the sample geometry used for the CAFM measurements is 

provided in Section IV.  

Sheet resistance measurements were performed using a high-accuracy four-point-probe 

measurement system (Jandel RM3000) at a constant current supply of 100 µA. Tungsten probes 

with a diameter of 100 m and inter-probe spacing of 1 mm were employed. The Jandel RM3000 

system combines a constant current source with a digital voltmeter and is designed to perform 

resistivity measurements while a constant force is applied between the four-point-probe head and 

the sample.  

Ultraviolet-visible (UV-Vis) transmittance measurements in the range of 200-900 nm were 

recorded with a Shimadzu UV-2600 spectrophotometer equipped with an ISR-2600Plus 

integrating sphere. Both transmission and reflection spectra were recorded to allow the correct 

calculation of absorption (A) using the formula A = log(T/(1-R)), where T and R are the 

transmittance and reflectance, respectively.  

 

 

III. ELECTRICAL SHEET RESISTANCE ANALYSIS  

Prior to CAFM measurements, we assessed the electrical sheet resistance and optical transmittance 

properties of pristine rGOX and AgNW networks and compared the results to the sheet resistance 

and transmittance of the composite bilayer rGOX/AgNW systems. The resulting rGOX networks 

exhibit high optical transmittance (92.6 % at 550 nm) and a sheet resistance in the range of 100-

1000 k/□. Although this is still a relatively high value, it is significantly lower than the sheet 

resistance of as-processed GOX layers (>5×108 /□) highlighting the benefits of thermal reduction 
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under inert atmosphere. Networks of AgNWs were spin-coated from solutions of different 

concentrations onto quartz substrates and annealed at 200 °C in nitrogen. Analysis of the formed 

networks by AFM and optical microscopy methods reveal the presence of AgNWs with lengths 

and diameters in the range of 10-100 µm and 100-200 nm, respectively. Figure 1(a) shows an 

optical microscope image of a representative AgNW network after thermal annealing, while 

Figure S1 shows optical images of similar networks of varying density.[46]  

Bilayer rGOX/AgNW electrodes were produced via the two-step deposition process 

described in the Methods section. The average sheet resistance values of pristine AgNW networks 

and bilayer rGOX/AgNW electrodes, for different AgNW network densities, are displayed in 

Figure 1(b) as a function of optical transmittance at 550 nm. The density of the AgNW networks 

was varied by altering the concentration of the AgNW dispersion. It can be seen that the sheet 

resistance in both electrode systems appears to increase with decreasing AgNW density in 

agreement with previously published data.28 Interestingly, the bilayer rGOX/AgNW systems 

exhibit a consistently lower sheet resistance (higher conductivity) than pristine AgNW networks 

for all nanowire densities. The incorporation of the 1-3 monolayer-thick rGOX network has a small 

effect on the electrode’s optical transmittance as it is found to decrease by approximately 0.6 % or 

less. On plotting individual trend-lines through each of the two data sets in Figure 1(b), one can 

see that even after factoring in the slight decrease in the transmittance due to the rGOX absorption, 

the bilayer rGOX/AgNW electrodes exhibit lower sheet resistance across the entire transmittance 

range investigated. The positive impact of rGOX is more prominent for dispersed AgNW networks 

since the characteristic sheet resistance is found to reduce from 862 /□ to 547 /□ (~36 %) as 

compared to denser AgNW networks where it reduces by only ~24 % (from ~102 /□ to ~77 /□). 

These findings are in accordance with previously published results for similar materials 

combinations.29-31, 44, 45  
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IV. CURRENT SPREADING ANALYSIS BY CAFM  

The origin of the reduced sheet resistance measured in rGOX/AgNW electrodes was further 

investigated using lateral CAFM, a method which has been used to a great effect in the analysis of 

charge transport within a variety of materials including polymer and small molecule materials,47, 

48 and two-dimensional conductive materials such as graphene and MoS2.49, 50 Figure 2(a) shows 

the schematic of the CAFM measurement setup used to characterized the pristine rGOX and AgNW 

networks as well as the bilayer rGOX/AgNW networks. The CAFM measurements were performed 

by scanning the biased conductive AFM probe (AFM tip coated with Pt/Ir) over the network and 

continuously recording the current and surface topography (height) as a function of x-y position. 

Using these data we can then compose a current map and the surface topography of the conductive 

network.  

The topography and current map images for a dilute network of AgNWs in proximity to 

the lateral Au electrode are shown in Figure 2(b) and 2(c), respectively. In the topography image 

AgNWs that are physically isolated (indicated by the dashed box) from the AgNW network and 

the Au electrode, are visible. The impact of this physical isolation can clearly be seen in the current 

map of Figure 2(c) (recorded at 1.6 V) where the isolated AgNWs are now invisible since they do 

not contribute to the current flow in the network. Instead, only the electrically “active” AgNWs, 

i.e. nanowires that are electrically connected to the network/Au electrode, are visible. Although 

simple, the method is very powerful and provides direct information of the current conducting 

(percolating) pathways that govern the macroscopic conductivity of the network.  

Figure 2(d) displays the cross-sections of an AgNW obtained from the topography data in 

Figure 2(b). By assuming that the cross-section of the AgNWs is circular, the diameter of the 

AgNWs can be approximated directly from the topography data yielding a value in the range of 
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150-170 nm. We note however that AgNWs with slightly different diameters are also present 

making estimation of the average diameter difficult. The broadening of the cross-section closer to 

the substrate is attributed to the AFM probe-imaging convolution and specifically the shape and 

size of the conductive tip. To this end the CAFM tip used here had a conical shape with a 

conductive apex diameter of approximately 30 nm. A similar observation was reported by Kim et 

al. for electrodes comprised of AgNWs and aluminum-doped ZnO.33 Although, not critical for this 

work, such imaging effects may impose limitations in the ultimate spatial resolution achievable by 

the CAFM method, especially in samples with lateral surface features <30 nm, and the use of high 

aspect ratio conductive AFM tips is strongly recommended.  

CAFM measurements were also performed on solution-processed rGOX networks. The 

minimum rGOX layer thickness, which reliably led to high substrate coverage, was found to be 

between 1-3 monolayers. Figure 3(a) shows the topography image for a representative rGOX 

network. When the CAFM tip is biased at 5 V a clear current map is obtained highlighting the 

presence of the rGOX flakes [Figure 3(b)]. Although the buried Au electrode is not visible in both 

the topography and current map images and is positioned approximately 5 μm off the right hand 

side of each scan window. Figure 3(c) shows a higher resolution current map for the rGOX network 

while Figure 3(d) displays the topographical and current cross-sections (line scan) taken from 

Figure 3(c) at the position indicated by the dashed line. In this image the Au electrode is located 

on the left hand side and it is not visible. The topographical cross-sections in Figure 3(d) show 

that the rGOX network is composed of different numbers of monolayers with their approximate 

height/thickness indicated by the dotted lines. In Figures 3(c) and (d), position 1 represents a two-

monolayer rGOX segment (~2 nm-thick) while position 2 is believed to be a three monolayers-

thick segment of the network. Presence of voids on the current map, where no current is detected, 
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are also evident and are most likely associated with network discontinuities due to incomplete 

surface coverage.  

The CAFM line scan in Figure 3(d) reveals a steady decrease in measured current as the 

tip moves away from the edge of the Au electrode located on the left hand side of the image. 

Interestingly, the current level/profile within a single flake remains almost constant indicating 

efficient charge transport with small resistive losses. However, as the tip moves further way and 

across different rGOX flakes, the measured current reduces in discrete steps. These changes take 

place either at the boundaries between adjacent rGOX flakes or when there is a change in the 

number of monolayers. As the number of inter-flake boundaries increases, the current level tends 

to decrease i.e. from left to right. An example of the impact of this parasitic resistance is shown in 

Figure 3(d), where the current measured between position 1 and position 2 reduces significantly 

from ~0.56 nA to ~0.36 nA even though the thickness of the network at position 2 is higher and 

equal to 3 monolayers. Based on these results we postulate that the main current limiting 

mechanism is the resistive nature of inter-flake boundaries and/or the nature/degree of inter-flake 

overlap(s).  

By invoking Ohm’s law, the inter-flake grain boundary (GB) resistance (evaluated at a tip-

Au electrode bias of 5 V) is approximated to be on the order of ~5 GΩ. However, this rather large 

inter-flake resistance value is neither representative nor constant as it depends on a number of 

factors including; the number of rGOX layers, the extent of overlap between the two or more rGOX 

flakes, and the nature of the inter-flake interaction(s).51  To this end, it can be seen in Figure 3(c) 

that the electrical connectivity between different flakes ranges from high, identifiable by little or 

no change in the current level (shade), to highly resistive where GB resistivity values in the GΩ 

range are measured. However, we do note that Ohm’s law may not be fully applicable and other 
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possible contributions such as the occurrence of nonlinear “super-Joule” self-heating,52 may also 

be at play. However, such analysis is indeed very challenging in the present sample geometry 

(CAFM) and certainly beyond the scope of this work.  

Following on from the current-spreading analysis of pristine AgNW and rGOX networks, 

networks consisting of rGOX/AgNW bilayers were grown and analyzed via CAFM in an effort to 

identify the nanoscale phenomena responsible for the significant reduction in the macroscopic 

sheet resistance seen in Figure 1(b). For this purpose two types of samples were prepared. The 

first type was produced by depositing a GOX network and thermally reducing it to rGOX followed 

by the deposition of the AgNWs by spin-coating. The electrodes were then dried at 80 °C for 20 

min in order to remove remaining solvent followed by the CAFM measurements. The second type 

of sample consists of exactly the same bilayer rGOX/AgNW structure but with the electrode being 

subjected to an additional and final annealing step at 200 °C for 1h in nitrogen.  

Figure 4(a-b) show the topography and current map images for a bilayer network before 

annealing. The evaporated Au electrode can be seen on the right of the current map image (bright 

region). The latter is overlaid with rGOX flakes [seen in Figure 4(a)], as well as two AgNWs 

positioned across the electrode’s edge – one at the very bottom of the image. Close analysis of the 

current map in Figure 4(b) reveals the presence of GOX flakes in close proximity to the Au 

electrode edge. However, the measured current rapidly diminishes as the CAFM tip moves away 

from the Au electrode edge i.e. from right to left side of the image. This is believed to be the result 

of the combined effects of the low conductivity of GOX flakes and the highly resistive nature of 

the inter-GOX flake boundaries. As expected, the two AgNWs remain highly conductive in the 

current map, since they are electrically connected to the Au electrode either via direct physical 

contact, and/or through voids present in the GOX network, and/or via quantum mechanical 
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tunneling of charge carrier from the AgNW to the Au electrode through the GOX flakes. 

Importantly, no current flow between the GOX network and the AgNWs is evident. This feature is 

better illustrated in the current map of Figure 4(b) where an isolated AgNW highlighted in the left 

side of Figure 4(a) is not visible at all. This is attributed to the electrically insulating nature of the 

underlying GOX network, which is not able to mediate charge transport between the AgNWs. 

Finally, Figure 4(c) displays the point current-voltage (I-V) characteristics obtained from two 

different positions on the bilayer electrode - one taken on the GOX network (position 1), and one 

directly on the AgNWs (position 2) in Figure 4(b). The very low current measured at position 1 

is indicative of the highly resistive nature of the GOX network, while the I-V taken at position 2 

resembles short circuit due to the metallic nature of the AgNW. Only at tip biases >8 V does 

measurable current start flowing between AgNWs and GOX flakes but only at regions in close 

proximity to the tips of the AgNWs (apexes). This unexpected effect is better illustrated in Figures 

4(d-e) where only GOX flakes in proximity to an AgNW apex appear to be electrically connected. 

There are two possible explanations for this observation. First, AgNWs may be lying slightly 

bowed on the substrate and/or lying across other nanowires therefore minimizing contact with the 

ultra-thin underlying GOX network. Secondly, residue of the insulating polyvinylphenol (PVP) 

polymer often used during AgNW synthesis surrounds the surface of the AgNWs but not the 

apexes since the latter regions may have formed after mechanical breaking of the initially longer 

nanowires during dispersion preparation (ultra-sonication). Although a very interesting 

observation, and potentially of critical importance, further work will be required to confirm or 

refute these proposals.  

CAFM analysis was also performed after thermal annealing of the bilayer rGOX/AgNW 

networks at 200 °C for 1h in nitrogen. Figure 5(a) displays the surface topography of a 

representative annealed rGOX/AgNW network while Figure 5(b) shows the corresponding current 
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map. Unlike un-annealed networks, extensive electrical connections between the sidewalls of the 

AgNWs and adjacent rGOX flakes are now clearly visible. This is most likely the result of the 

removal of insulating residues (e.g. PVP)53 from the AgNW’s surface due to annealing. To this 

end, it is evident from Figures 5(b) that upon annealing, rGOX flakes themselves contribute 

significantly to charge transport to/from the AgNWs by playing the role of conductive bridges in 

the macroscopic percolating AgNW network. As a result the macroscopic conductivity of the 

bilayer electrode increases. 

Additional evidence of the key role of rGOX is shown in Figure 5(c) where the I-V 

characteristics obtained after annealing from an isolated AgNW (position 1) -that is a nanowire 

connected to the Au electrode via rGOX flakes- appear similar to that obtained from an rGOX flake 

that is in direct contact with the remote Au electrode (position 2). The similarity in the current 

level and shape of the I-Vs is a direct consequence of the fact that in both cases rGOX flakes 

mediate charge transport. In other words, rGOX appears to dominate (i.e. limit) charge transport in 

the system since its conductivity is several orders of magnitude lower than that of AgNWs. Higher 

currents can only be measured by placing the CAFM tip in direct contact with the AgNW that is 

in direct contact with the Au electrode (position 3).  

The key role of short-range current transport mediation by rGOX between the two 

physically separated AgNWs shown in Figure 5(d) is illustrated in the current map of Figure 5(e). 

Here one can observe the interesting occurrence of current flow from the apex of an AgNW that 

is in contact with the Au electrode, to an isolated AgNW through a small number of rGOX flakes 

(highlighted region). Unlike non-annealed bilayer samples [Figure 4(b)], no preferential charge 

injection from the apexes of the AgNWs to the rGOX flakes is observed. On the contrary, efficient 
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current injection into rGOX flakes at different positions along the AgNW length is evident [Figure 

5(e)].  

The same effect is better illustrated in the current map of Figure 6 where an AgNW can be 

seen overlapping both a number of rGOX flakes and the remote Au electrode located on the right 

hand side of the image. Although the current through the AgNW is very high, rGOX flakes that are 

in direct contact with the nanowire can be seen to form additional electrical connections to the 

remote Au electrode (brighter regions). These results are of significant importance as they provide 

direct evidence of the critical role of rGOX in creating additional electrical connections between 

the AgNWs as well as of the impact of thermal annealing. Although it has been previously 

hypothesized that the inclusion of a binder material such as rGOX or graphene flakes acts as a 

conductive medium that enhances charge transport between AgNWs,30 the present results 

represent the first direct evidence and lay the foundation for future studies.  

In addition to reduced sheet resistance, incorporation of rGOX provides numerous other 

advantages. For example, it reduces the amount of AgNWs required to achieve a given 

conductivity value while maintaining the high optical transparency. Since rGOX is inexpensive as 

compared to AgNWs, it also offers the potential for significant reduction in materials cost. 

Furthermore, the presence of rGOX flakes help to bridge voids that exist between metallic 

nanowires. The latter is particularly relevant to device applications such as light-emitting diodes 

and organic photovoltaic cells where uniform charge injection/extraction from the active area of 

the electrode is of critical importance for achieving high power efficiencies.30 These attributes 

make the rGOX/AgNW electrode system highly attractive for applications in large-area, large-

volume electronics. We therefore believe that the experimental evidence presented and analyzed 

here provide the basis on which previously reported results describing the conductivity evolution 
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in AgNW and copper nanowire networks through the addition of rGOX flakes, can now be 

explained.31, 45  

 

V. SUMMARY AND CONCLUSIONS  

We studied the conductivity of solution-deposited transparent electrodes comprised of randomly 

assembled networks of rGOX, AgNWs and bilayer rGOX/AgNW. When compared to pristine 

AgNW networks, bilayer rGOX/AgNW systems are found to exhibit significantly reduced (24-

36 %) sheet resistance while maintaining their high optical transparency (88-92 %). Pristine rGOX 

networks on the other hand are found to be significantly more resistive (100-1000 k/□) with 

charge transport being limited primarily by inter-flake (i.e. flake-to-flake) contact resistance. In 

order to elucidate the origin of the enhanced conductivity in rGOX/AgNW networks, we have 

studied their electrical properties using a modified CAFM method. The latter allowed visualization 

of current spreading with nanometre lateral resolution, providing unique insights into the nanoscale 

transport phenomena responsible for the reduced sheet resistance observed as well as on key the 

role of thermal annealing. In particular, we showed that the incorporation of a randomly assembled 

network of rGOX flakes as an underlying layer leads to the formation of additional electrical 

connections between subsequently deposited AgNWs, a highly interesting and previously 

unreported phenomenon. The role of these nanoscopic connections is to increase the current flow 

in the macroscopic rGOX/AgNW network without reducing its optical transparency. Thermal 

annealing of these randomly assembled bilayer networks was found to be of paramount importance 

in establishing, and further enhancing, the conductivity of these nanoscopic connections. On the 

basis of these findings we argue that similar transport phenomena maybe at play in other electrode 

systems composed of similar materials but prepared in different manner. Our work provides unique 
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insights on the origin of the improved conductivity in rGOX/AgNW electrodes, while the lateral 

CAFM data has emphasised the usefulness of the method as a tool for analysing the conductivity 

of model composite electrodes with nanoscale resolution. Importantly, the proposed lateral CAFM 

method is generic and could in principle be applied to other materials systems with significant 

implications on the analysis and development of next-generation transparent electrode 

technologies.  
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FIGURE CAPTIONS  

 

FIG. 1. (a) Dark field optical microscope image of AgNWs network spin-coated onto a quartz 

substrate. (b) Optical transmittance measured at 550 nm versus sheet resistance (/□) for a pristine 

AgNWs and a bilayer rGOX/AgNWs network after annealing at 200 °C in nitrogen.  
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FIG. 2. (a) Schematic of the conductive atomic force microscopy measurement set-up used. 

Topography (b) and current maps (c) obtained for an AgNW network at a tip bias of 1.6 V. The 

remote Au electrode is located on the right hand side of each image. (d) Topographical profile of 

an AgNW demonstrating broadening of the AgNW features in the images owing to AFM tip 

convolution.  
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FIG. 3. Topography (a) and corresponding current-map (b) images for a 1-3 monolayer-thickness 

rGOX network. The current map was obtained with a tip bias set at 3.7 V. In (b) the Au electrode 

is not visible but it is located on the right hand side of the image. High-resolution current map (c) 

and the representative topography and current profiles (d) obtained from the line scan in (c) 

indicated with the white dashed line. In the current map of (c) and the current profile trace in (d), 

points 1  2 indicate the current profile across an inter-flake boundary highlighting the significant 

drop in current. In (c) the remote Au electrode is located on the left hand side of the image. The 

current map in (c) was obtained with a tip bias of 5 V.  
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FIG. 4. (a-b) Topography and corresponding current maps obtained from a bilayer rGOX/AgNWs 

electrode before being subjected to thermal annealing. The remote Au electrode is located on the 

on right hand side of the image. CAFM measurements were performed with a tip bias of 2 V. (c) 

Point current-voltage (I-V) characteristics measured at positions 1 and 2 indicated in (b). (d) 

Topography image of a bilayer GOX/AgNWs network and the corresponding current map (e) 

showing preferential injection of current from the AgNW’s apex to GOX flakes (highlighted area). 

CAFM measurements in (e) were performed using a tip bias of 8 V.  
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FIG. 5. Topography image (a) and the corresponding current map (b) measured for a bilayer 

rGOX/AgNWs electrode after it has been thermally annealed at 200 °C for 1h in nitrogen. The 

current map was obtained with a tip bias of 2 V. (c) Current-voltage (I-V) characteristics taken 

from the three different positions indicated in (b). The I-V curve measured at position 1 

corresponds to an isolated AgNW that is only connected to the remote Au electrode via the rGOX 

network. The I-V curve measured at position 2 results from charge transport through the rGOX 
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network itself, while the I-V at position 3 corresponds to current being transported through a single 

AgNW directly to the Au electrode. Further topography (d) and corresponding current map (e) 

images for another part of the bilayer rGOX/AgNW network. The image shows a AgNW that is 

not connected directly to the remote Au electrode (located on the right hand side of the image). 

Despite this, electrical connections between the “isolated” AgNWs and adjacent rGOX flakes can 

be seen along the length of the AgNW.  

 

 

 

FIG. 6. Current map measured for a rGOX/AgNWs electrode after has been annealed at 200 °C 

for 1 h under nitrogen. The current map reveals the current flow between rGOX flakes located 

beneath the AgNW. The remote Au electrode is located on the right hand side of the image as 

indicated.  
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S1. Optical Microscopy Analysis  

 

 

Figure S1. Optical microscope image of three AgNWs networks with different densities spin-

coated onto quartz substrates. Top to bottom images show AgNW networks with 91.6%, 87.5% 

and 82.5% optical transmittance, respectively, measured at 550 nm.  
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