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OPTIMIZATION OF THE ELECTRICAL AND MECHANICAL PROPERTIES OF TRANSPARENT
ELECTRODES BASED ON SILVER NANOWIRES SUPPORTED ON POLYETHYLENE TEREPHTALATE
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Summary

In recent years several reports demonstrated that random networks of AgNWs, due to their high dc conductivity and optical transmittance, are a promising replacement of ITO-based transparent conductive electrodes for
flexible electronics [1-3]. The aim of this study was to improve the electrical and mechanical properties of thin films obtained from silver nanowires (AgNWs) deposited on a flexible support of polyethylene terephtalate (PET).
First, AgNWs were obtained by the "polyol” liquid phase synthesis method in the presence of chloride ions. The as obtained AgNWs were characterized by scanning electron microscopy (SEM), UV-Vis spectroscopy, energy
dispersive X-ray analysis and X-ray diffraction. After purification, the AgNWs were deposited on a flexible support of PET. To improve the adhesion of the AgNWs coating to the substrate, thin films of polymethyl methacrylate
(PMMA) were interposed between the layer of AgNWs and the PET substrate, and thus flexible transparent conducting thin films were obtained. The as obtained AgNWs/PET and AgNWs/PMMA/PET structures were
characterized by SEM, UV-Vis spectroscopy and the sheet resistance of the transparent conducting films was determined by the van der Pauw method. It was observed that further heat treatment of PET/PMMA/AgNWs at
temperatures higher than the softening temperature of the PMMA improves conductivity and coating adhesion of AgNWs to the PET substrate.

Experimental

Synthesis of Ag nanowires

Silver nanowires (AgNWs) were synthesized through a modified polyol process, as described below Characterization Practically, voltages V,., V,., V.. si V,, were applied and
[4, 5]- currents I, 1., 1,, and I,. respectively were read. The
The precursor was injected at ambient temperature and the whole mixture was heated up to 160 °C.  The obtained silver nanostructures were characterized by X-ray diffraction ( X'Pert g, ¢rical resistances were calculated using Ohm's Law:

0.3 mmol of AgNO, is dissolved in 5 mL of analytical grade ethylene glycol (EG) (solution 1). In PRO MPD PANalytical diffractometer, CuKa radiation, 1=1.54184 A, Bragg-Bretano R, ..=V../l, (2)
solution 1, 0.5 mL NaCl ethanol solution is added dropwise under stirring in the dark. geometry, Automatic Divergence Slit), UV-Vis spectroscopy (Lambda 950 Perkin-Elmer RBC,AD =V, /1, (3)

By addition of the NaCl solution, the AgCl precipitation reaction takes place: spectrometer with integrating sphere), scanning electron microscopy (FEl Inspect S). RDC,AB =V, /1, (4)

AgNO, +NaCl —AgCl_+NaNO, (1) Sheet resistance of the transparent electrodes obtained by AgNWs deposited on RAD:BC =V, /I, (5)

It is stirred for 5 minutes using a magnetic stirrer. 0.9 mmol 40,000 PVP is dissolved in 10 mL PMMA/PET was determined by van der Pauw method using the experimental setup

ethylene glycol (EG) (solution 2) and then the solution degassed by bubbling N,. The AgCl suspension pres?nted_m Fig. 2. Electrlca! conta:lcts were mad_e on ea_ch corner of the sample by _ partial sheet resistances were calculated according to
in EG is injected into the reactor at ambient temperature. The reaction mixture is heated at the same ¢oating with electro-conductive paint based on silver (Bison). For each sample four the relations (6) and (7):

rate (4°C/min) up to 160°C under stirring at 200 rpm under nitrogen. After reaching the temperature ¢onsecutive measurements of the currents were conducted corresponding to four

of 160°C, the mixture is kept under stirring 1 hour. The cooling of the reaction mixture is made Values of the voltage applied to the contact points A, B, C, D located in the corners of o= — f[RAB,DcJRAB,Dc + Roc.a (6)
naturally by removing the reactor from the oil bath. the samples. The configuration used to carry out the measurementis shownin Fig.3 [6]: ' 2In2 Rye 4o 2

Purification of a AgNWs is made by extracting the original solvent used in the synthesis (EG) by R R R

centrifugation at a speed of 4000 rpm and re-dispersing the nanowires in ethanol 96%. After three HEATING g p, = 2;2 f (RDC’AB] be.48 : AD.5C 0
cycles of washing and centrifugation and replacement of dispersant, the nanowires are redispersed AgNW AgNW 4D.BC

in 5 mL ethanol. RS Y where f(RAB,DC / RBc,AD) and f(RDC,AB / RAD,Bc) are correction

factors.The final sheet resistance was calculated as the

Deposition of thin films based on AgNWs
arithmetic mean of the two partial resistances.

For deposition of thin films based on AgNWs, transparent polyethylene terephthalate (PET) sheets
are used as substrate, over which is deposited a thin layer of polymethylmethacrylate (PMMA)
designed to increase the adhesion of silver nanowires on PET support.

Deposition of thin films involves the following steps (Fig. 1):

1. On the PET sheet a thin layer of PMMA using 5% PMMA solution in chloroform is deposited by
doctor blade method. Drying is done at least 24 hours at room temperature in a dust-free
environment.

TCE based on AgNW

2. The layers of AgNWs are deposited from a suspension of AgNWs in ethanol, also by means of Fig. 1. AgNW§-based transparent electrodes Fig. 2. Experimental setup_for the
] ) . ] .. manufacturing steps (DB = doctor blade). measurement of sheet resistance
doctor blade method. 2 to 6 layers of AgNWs are deposited sequentially with intermediate drying in of AgNWs on PMMA/PET
an oven after each deposition for 15 minutes at 50°C and cooling to room temperature another 15 to transparent conductig films Fig. 3. Configuration of contacts in
20 minutes. the van der Pauw method [6].

Results and Discussion

Table 1. Results of electrical measurements made by the van

The XRD profiles of the synthesized AgNWs samples revealed the presence of cubic Ag grown preferentially along the (111) direction as the major phase along with some tetragonal Ag. The UV- der Pauw method
Vis plasmon absorption spectra highlighted the presence of nanowires by a characteristic peak located at 378 nm. From the SEM image of AgNWs synthesized by injecting the precursors at 25°C Sample no 22 |22ala2p a3 64 le3
(Fig. 4) it can be seen that their average diameter is about 50 nm. V.. V] : 5:87 5:7 4 5:65 5:86 4: 44 4:09
. ) . o ) ) i i i i o } i 1, [mA] 1,43 2,13 | 2,49 0,74 | 1,02 | 3,27
SEM micrographs of the AgNWs on PMMA/PET films, obtained by depositing successive 2, 4, and 6 layers of silver nanowires are shown in Fig. 5 and their photographic images in Fig. 6.
Ras, oo [kQ] 4,10 | 2,69 | 2,27 (7,92 | 4,35 | 1,25
The UV-Vis diffuse transmittance spectra for two (samples 2x,), four (samples 4x,) and six (samples 6x,) layers of AgNWs deposited on PMMA/PET are presented in Fig. 7. One can observe that the Vo [V] 567 572 Il 5.36 | 2.40 | 2.08
diffuse transmittance at 530 nm of the PMMA/PET substrate is around 90%. Diffuse transmittance at 530 nm decreases with increasing number of layers deposited, reaching 75% for two layers, : e A 1’49 2’15 2’45 0’76 1’05 3’17
65% for four layers and 58% for six layers of AgNWs deposited. The two minima in the diffuse transmission spectrum located at 352 nm and 378 nm correspond to the absorption peaks observed oc [MA] ’ ’ ’ ’ ’ ’
] . . ] Rpc as [KQ] 3,94 | 2,67 | 2,30 | 7,71 | 4,19 | 1,29
in the plasmon absorption spectra of the silver nanowires. ’
_ _ _ L _ _ Vg [V] 5,87 | 5,04 | 4,86 | 5,86 | 2,41 | 2,03
The results of electrical measurements made by the van der Pauw method are shown in Table 1. The samples obtained by application of two layers of hanowires were not appropriate for
_ _ ] ] . . ] . ) 1., [mA] 3,5 [3,72 | 3,61 | 2,92 | 3,33 | 3,45
electrical measurements because not all corners of the samples were in electrical contact with the surface of the film. This is due to the inhomogeneity of the arrangement of nanowires on the
] R, sc [KQ] 1,68 1,35 | 1,35 | 2,01 | 0,72 | 0,59
surface of the substrate, also observed from the SEM images. :
All thin layers obtained by applying four (4.x,) and six layers (6.x,) nanowires exhibited electrical conductivity, regardless of the points on the surface of the sample used to measure it. Vo V] 3,86 | 5,12 | 4,83 | 5,86 | 2,36 | 2,05
Izc [mA] 3,56 | 3,86 | 3,85 | 2,96 | 3,60 | 3,70
Rgc, ap [kQ] 1,08 | 1,33 | 1,25 | 1,98 | 0,66 | 0,55
Sheet resistance | ;5 55 | 4,35 | 3,94 | 9,60 | 4,40 | 1,97
kQ/o

Conclusions

® It can be noted that by depositing two successive layers of AgNWs
the film is discontinuous and inhomogeneous, however for four and
six layers of AgNWs a more homogeneous film is obtained, with an
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Fig. 4. SEM image of AgNWs synthesized by injecting Fig. 5. SEM micrographs of AgNWs on PMMA/PET films transmlttanc? at 5030 nm decreasoes with increasing nu:nber c_:f
the precursors at 25°C. for two layers (a); four layers (b) and six layers (c) of AgNWs. layers, reaching 75% for 2-layer, 65% for four layers and 58% for six
layers of AgNWs deposited. The transparent electrodes obtained by
PMM n / PET depositing the same number of AgNWs layers present close
% e g R ” e ) O — e transmittance values in the visible indicating good homogeneity of
‘ oo S e W 0 //’”M the distribution of wires on the surface.
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Fig. 6. Photographic images of transparent conductor thin films deposited.
based on AgNWs obtained by deposition of 2, 4 and 6 layers of Fig. 7. UV-Vis diffuse transmittance spectra for two (samples 2x,), four (samples
nanowires on PMMA/PET. 4x.) respectively six (samples 6x,) layers of AgNWs deposited on PMMA/PET.
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