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Abstract: Optical and electrical properties of silver nanowire transparent conductive films
with a broad range of nanowire lengths were studied. A proposed simulation model
demonstrated similar behavior with experimental results for 30 and 90 pm nanowires, and
thus it was used to expand the range of nanowire lengths from 10 to 200 um. Theoretical
results show that a lengthening of silver nanowires results in an increase of their
optoelectronic performance; 200 um long nanowire possess 13.5 times lower sheet resistance
compared to 10 pm ones, while the transmittance remains similar for coverage densities of
nanowires up to 25%. Moreover, the dependence of the sheet resistance on the length of
nanowires changes non-linearly; from 10 to 20 pm, 20 to 80 um and 80 to 200 um the sheet
resistance drops by a factor of 5, 2.25 and 1.2 respectively. Furthermore, a thickening of
nanowire diameters from 30 to 90 nm decreases the sheet resistance to 5.8 times. Obtained
results allow a deeper analysis of the silver nanowire transparent conductive films from the
perspective of the length of nanowires for various optoelectronic applications.
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1 Introduction

Transparent conductive films (TCFs) remain an inevitable component of many optoelectronic
devices such as liquid crystal displays, solar cells, touchscreens, light-emitting diodes and
others [1-9]. TCFs based on indium tin oxide (ITO) still dominate within electronics industry
[10]. However, the fragility of the ITO films limits its usage in flexible optoelectronics [11],
regardless of other drawbacks such as high fabrication cost [12]. Metallic patterned TCFs
offer competitive optical and electrical properties and flexibility required for most trending
optoelectronic devices [13—19]. Furthermore, geometrical configuration [20-23], plasmon
resonances and strong near-field coupling effects [24-28] of metallic patterned TCFs
significantly affects their transmittance and sheet resistance. Latest research demonstrates an
advantage of the nanowire TCFs in comparison with porous and triangle configurations of
patterns [29, 30]. Moreover, randomly arranged nanowires (NWs) can exhibit optoelectronic
performance comparable to uniform nanoscale networks [31-33] and benefit from low cost
non-lithographic fabrication processes making them a preferable candidate for a future
generation of flexible TCFs.

Recent research demonstrated that TCFs with longer NWs possess higher optoelectronic
performance [34]. However, a clear impact of their length in broad range on the transmittance
and sheet resistance, which are the two critical indexes of the TCFs, is poorly studied. Herein
we investigated the optoelectronic performance of silver NW (AgNW) films for the NW
lengths from 10 to 200 um. We found that a lengthening of AgNWs results in increase of
their optoelectronic performance: 200 um long NWs possess 10 times lower sheet resistance
compared to 10 um ones, while the transmittance remains similar for coverage densities of
NWs up to 25%. Moreover, the dependence of the sheet resistance on the length of NWs
changes non-linearly: from 10 to 20 pm, 20 to 80 pm and 80 to 200 pm the sheet resistance
drops by a factor of 5, 2.25 and 1.2 respectively. Our results explain the influence of NW
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length in broad range on the optical and electrical properties of AgNW TCFs and grant the
opportunity to deepen their analysis for various optoelectronic applications such as displays,
solar cells, light-emitting diodes, touch screens and smart windows.

2 Methodology
2.1 Synthesis of AQNWs

We fabricated AgNWs at 160° C in an automated synthesis chamber using the well-known
polyol process [35]. Silver nitrate (AgNO;), ethylene glycol (EG), copper chloride and
polyvinylpyrrolidone (PVP) were used as starting materials, and the synthesis processes are
detailed elsewhere [36]. Requirements for lengths and diameters of AgNWs were met through
controlling the reaction parameters of polyol synthesis. The as-synthesized AgNWs were
cleaned three times in isopropanol (IPA) and then re-dispersed in deionized (DI) water.

2.2 Fabrication of the AQNW TCFs

AgNW ink was formulated at 3 mg/ml Ag concentration in DI water. The AgNW ink was
coated over a 150 mm-width polyethylene terephthalate (PET) flexible substrate on a
Coatema roll-to-roll (R2R) smart coater with a slot-die at a coating speed of 0.2 m/min and
was dried at 150° C. AgNW loading density (LD) was controlled by adjusting the ink feeding
rate to the slot-die coater. The as-coated films were cut into 5 cm by 5 cm samples for
characterization. Sheet resistance was measured using a Delcom Instruments benchtop
contactless probe. Optical measurements were performed using BYK-Gardner Haze-Gard I
for wavelength range 400-800 nm.

2.3 Simulation

Figure 1 shows the geometrical models representing metallic NW films with different length
of NWs. Cylindrical NWs were randomly spread across a PET substrate according to the
following steps: (i) initially, NWs were uniformly arranged; (ii) then, each NW was
arbitrarily shifted along X and Y axes for distances ranging from -L to L, where L is the length
of NWs; (iii) and finally, each NW was arbitrarily rotated within X and Y axes for an angle
ranging from —90 to 90 degrees.

A commercial-grade simulator based on the finite-difference time-domain (FDTD)
method was used to perform the optical calculations [37]. The index of refraction » and
extinction coefficient £ was used from [38]. The incident light in range from 400 to 800 nm
was distributed along Z axis. The periodic boundary conditions and perfectly matched films
were applied perpendicular and parallel to Z axis, respectively. Mesh size was set to 10, 10
and 5 nm in X, Y, and Z directions, respectively. Each arrangement of AgNWs was simulated
three times for arbitrarily chosen position of 15 x 15 um? simulation area (red areas in Fig. 1)
in order to justify the reproducibility of optical properties.

Sheet resistance was calculated by percolation model in accordance with [39,40] which is
given by the following equation:

1
R, =, M
ho—O (¢/ - ¢cr1’t )

where o is the conductivity of metal, ¢ is the volume fraction of patterned metal film, @, is
the volume fraction threshold when the patterned film changes from insulator to conductor, /
is the thickness of the metal film and ¢ is the critical exponent.

The subtraction of @, from ¢ for randomly arranged NW films is expressed as follows
[32]:
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where <Nl* > is the effective number of the NW crossings which contributes to the

conductivity of the NW films, N_, is the critical number of the NW crossings when the NW
film changes from insulator to conductor, ¥, is the NW crossings volume and ¥, is the unit
cell volume.

Fig. 1. Geometrical models of metallic NW films with different length of NWs on PET
substrate. Red rectangles represent 15 x 15um? unit simulation areas.

Above mentioned models were proved to be in good agreement with experimental data
and successfully applied by our group in previous works [30, 32, 33].

3 Results and discussion

Randomly arranged AgNWs with diameters of 30, 60 and 90 nm and length from 10 to 60 pm
are commonly used in experimental studies [42—46]. We used AgNWs with diameter of 60
nm, lengths of 30 and 90 pm and coverage density D in range from 5 to 25% for experimental
part of our study. Figure 2 shows the dependence of transmittance on sheet resistance of
AgNW TCFs with different lengths of AgNWs. The film fabricated from AgNWs with an
average length of 30 pm possessed the transmittance of 76% at the sheet resistance of 20
Ohm/sq, while the film made from longer AgNWs of 90 um [shown in SEM image in Fig.
2(b)] — higher transmittance of 82% at the same sheet resistance. Simulation results
demonstrated similar behavior for these lengths, which indicated a feasibility of the proposed
theoretical model. In order to further investigate the influence of length of AgNW on the
optoelectronic properties of AgNW films we expanded the range of AgNW lengths from 10
to 200 pm and coverage density D in range from 5 to 50%. The transmittance of TCFs with
short 10 pm NWs decreased by 9% compared to 30 um NWs at same sheet resistance of 20
Ohm/sq. Surprisingly, the transmittance of 200 um long NWs increased by only 3%
compared to 90 um NWs for the films with same sheet resistance and equals to 85%. Thus, a
uniform growth of AgNW length results in a non-linear increase of the optoelectronic
performance: (i) + 9% transmittance from 10 to 30 um, (ii) + 6% transmittance from 30 to 90
pm and (iii) only + 3% transmittance from 90 to 200 pm at 20 Ohm/sq sheet resistance.
Based on the above mentioned observations we decided to broaden the theoretical
investigation of the influence of NW length on the transmittance and sheet resistance
independently.
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Fig. 2. (a) Transmittance at 550 nm against the sheet resistance for different lengths of
AgNWs. The diameter of NWs is 60 nm for both experimental (£) and theoretical (7) data. (b)
SEM image for AgNWs with length L = 90 mm and diameter d = 60 nm.

Figure 3(a) shows the transmittance spectra of AgNW films for various coverage densities
D and lengths L of NWs. The transmittance decreases in range from 400 to 475 nm due to
localized surface plasmon resonance and keeps almost uniform till 800 nm [30, 46]. The
transmittance at 550 nm for D = 6% equals to 93% for both 200 and 10 um long NWs. At
D = 25% the transmittance decreases down to 73% and 71% for 200 and 10 pm long NWs,
respectively. The optical difference between these lengths attributes to surface plasmon
polaritons (SPPs), which excite and propagate along the NWs. 10 um long NWs result in
shorter distances between consequent NW crossings, and thus in larger amount of localized
electric field areas as shown in Fig. 3(b). Therefore, 10 um NWs possess a shorter
propagation length of SPPs and less influence on the transmittance correspondingly. The
average transmittance at D = 40% decreases down to 57% and 52% for 200 and 10 pm long
NWs, respectively. The distances between consequent NW crossings for 10 pum NWs at such
high coverage density result in negligibly low influence of the SPPs on the transmittance. In
contrast to AgNW TCFs, the aluminum NW (AINW) films — possessing weak SP response
from 400 to 500 nm — show negligible difference between 200 and 10 pm long NWs for all
above mentioned coverage densities D as shown in Fig. 3(c). Since TCFs for most
optoelectronic devices require the transmittance above 80%, we can conclude that the length
of NWs insignificantly affects the optical performance. Nevertheless, in case of devices
satisfied with TCFs having transmittance below 80% long metallic NWs with strong SP
response possess higher transmittance than shorter NWs.
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Fig. 3. (a) Transmittance spectra of AgNW films for various coverage densities D and lengths
L of NWs. (b) Calculated electric field distribution for 200 pm (left) and 10 pm (right) long
AgNW films at 550 nm wavelength. (c) Transmittance spectra of AINW films for various
coverage densities D and length L of NWs. The diameter d of NWs is 60 nm for all cases.

Figure 4(a) shows the dependence of the sheet resistance of AgNW films on the length of
NWs at various coverage densities. The dependence of the sheet resistance on the growth of
NWs possesses three distinctive regions: (i) a rapid decrease — by a factor of 5 — for short NW
lengths from 10 to 20 pum; (ii) an intermediate decrease — by a factor of 2.25 — from 20 to 80
um, and (iii) a steady decrease — by a factor of 1.2 times — for long NWs from 80 pm to 200
pm. Thus, the length of NWs influences on the sheet resistance most significantly until 80
pm; while further lengthening affects less radical. Such behavior of the sheet resistance

corresponds to the nonlinear increase of the effective number of NW crossings <N:> from

Eq. (2) with growth of NW length as shown in the inset of Fig. 4(a). Figure 4(b) shows the
dependence of the sheet resistance of AgNW films on the diameter at the coverage density D
=25% and the length of NWs equal to L = 10, 50 and 200 um. The sheet resistance decreases
5.8 times when diameter d of NWs increases from 30 to 90 nm. Nonlinear behavior results
from the quadratic proportionality of the NW crossings volume V, from Eq. (2) to diameter

of NWs: V, [ d* . While thickening the diameter of NWs strongly improves the conductivity

of TCFs, it also leads to significantly higher haze and thus limits the applications of TCFs on
their base [48, 49]. Therefore, we conclude that NWs with longer length and thicker
diameters suit more for photovoltaics, while NWs with longer length and thinner diameters —
for displays and touchscreens.



Research Article Vol. 7, No. 3| 1 Mar 2017 | OPTICAL MATERIALS EXPRESS 1112

ALENAlS EXPRESS

o e
W0 7T T T T T T T3 100 - . ,
N (a) ] ] (b) —— =1oum
] i \ -=-=-L=50pum
- T 1 e
= 100 ‘ — 1 T . T ——
@2 E o N
£ . £ ol
S = S "7 e
N - ] T-- -
@ 10 I 2 ] : Rl S
~a 20 80 200
T -- _ LengthofNwsum) ] BRAS AEETES
1 1
1020 40 60 80 100 120 140 160 180 200 30 40 50 60 70 80 90
Length of NWs (um) Diameter of NWs (nm)
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densities D. The diameter of NWs is 60 nm. (b) Sheet resistance of AgNWs films versus
diameter of NWs for various length L. The coverage density D is 25%.

4 Conclusions

We investigated the dependence of optoelectronic properties of AgNW TCFs on the length of
NWs in a broad range from 10 to 200 um. We showed that a lengthening of NWs
insignificantly influences on the transmittance at coverage densities of NWs below 25%,
while the sheet resistance drops non-linearly. Additionally, the thickening of nanowire
diameters also non-linearly decreases the sheet resistance. We concluded that NWs with
longer length and thicker diameters suit more for photovoltaics, while NWs with longer
length and thinner diameters — for displays and touchscreens. Furthermore, we believe that
this study can help to estimate the impact of AgNW length on the optoelectronic performance
of TCFs for variety applications.
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