Nano Research 2017, 10(11): 3706-3714
DOI 10.1007/s12274-017-1583-6

Research Article

CN 11-5974/04

Optical properties of conductive silver-nanowire films
with different nanowire lengths

Xiaoming Yu', Xuan Yu' (<)), Jianjun Zhang?, Ligiao Chen’, Yungian Long', and Dekun Zhang?

" Innovation Application Institute, Zhejiang Ocean University, Zhoushan 316004, China
2 College of Electronic Information and Optical Engineering, Nankai University, Tianjin 300071, China

Received: 14 December 2016 ABSTRACT

Revised: 6 March 2017 Transparent electrodes made of silver nanowires (Ag NWs) exhibit a higher

Accepted: 12 March 2017 flexibility than conventional indium tin oxide electrodes. For this reason, Ag NWs

may find applications in future flexible electronic and optoelectronic devices.

© stz Wity Pisse However, different optoelectronic devices have different specific requirements for

Al SpampEeliEig Bed Ag NWs. For example, the optical transmittance haze is an important but rarely

el ALY studied aspect of Ag NW films. In this study, the optical transmittance and optical
scattering of long (5-50 um, L-NWs) and short (1-20 pm, S-NWs) Ag NW films
KEYWORDS . . . . .
were investigated. The L-NWs exhibited better optical transmission than the
transparent electrode, S-NWs, whereas the S-NWs exhibited better light-scattering properties than the
silver nanowires, L-NWs. Our results indicate that the L-NWs are suitable for touch-screen displays,
transmittance haze factor, whereas the S-NWs are better suited as transparent conductive films for solar

forward scattering and cells. We analyzed the scattering ratio of forward-scattered light to backscattered

backscattering, light for both the L-NWs and S-NWs and discovered that the mesh size affected
reflection-haze factor the scattering ratio. For longer wavelengths, a larger mesh yielded a higher
backscattering ratio, whereas a smaller mesh yielded a lower backscattering ratio.
We formulated an equation for calculating the reflection haze using the total
reflection (Ag NWs/glass), R and the reflection of glass, R,. The reflection haze
of the S-NWs and L-NWs exhibited different trends in the visible-near-infrared
region. An omnidirectional scattering model for the Ag NWs was used to evaluate
the Ag NW scattering properties. The results of this study have great significance

for the evaluation of the performance of Ag NWs in optoelectronic devices.

1 Introduction light-emitting diodes [1-5]. Indium tin oxide (ITO) thin

films have excellent electronic properties but a limited
Transparent conducting electrodes are critical scattering capability; moreover, the scarcity and
components of solar cells, touch-screen panels, and high production cost of indium limit the industrial
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applications [6, 7]. Thus, several indium-free transparent
electrode materials have been investigated, including
silver nanowire (Ag NW) meshes [8-12], carbon
nanotubes [13-15], graphene [16-18], and conducting
polymers [19, 20]. Among these materials, Ag NW
films have attracted substantial interest because
of their low sheet resistance and high transmittance.
However, the optical properties of Ag NWs of different
sizes and Ag NWs prepared via different processes are
not fully understood. It is highly desirable to tailor the
optical properties of Ag NWs for specific applications.

One of the disadvantages of Ag NW films is the
high transmittance haze due to the scattered light
in touch-panel display applications [9, 21, 22]. On the
other hand, the high transmittance haze is advantageous
for applications in solar cells [23, 24]. That is, different
optical-haze factors are required for different
applications.

The optical scattering properties of Ag NW films are
highly dependent on the nanowire length, diameter,
and density [8, 25-27]. Longer Ag NWs yield a lower
density of nanowires because of the higher conductivity.
Smaller-diameter Ag NWs yield less haze in the
visible wavelength range because of the reduced light
scattering [28, 29]. The transmittance of Ag NWs is
also affected by the nanowire quantity, length, and
diameter. Ag NWs produce scattered light with
various scattering angles. To our knowledge, neither
the scattering angle nor the scattering ratio of Ag
NWs has been investigated previously. Furthermore,
scattering in the direction of the reflection is very
useful for display applications, although this has
rarely been studied.

In this study, we fabricated Ag NW films with
different lengths using the drop-coating method. The
optical and structural properties of long-nanowire
(L-NW) and short-nanowire (S-NW) films were inves-
tigated. The L-NWs exhibited a higher transmittance
and lower light scattering than the S-NWs, indicating
their applicability for touch-screen displays. S-NWs
films, owing to their lower transmittance and higher
haze factor than L-NWs, are better suited for thin-
film solar cells. To analyze the scattering ratio for the
incident and reflected light, we formulated a forward
scattered-to-backscattered light equation for the L-NW
and S-NW films. We found that the scattering ratio
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could be tailored by changing the mesh size of the
nanowires.

2 Experimental

Ag NWs were synthesized by reducing silver nitrate
with ethylene glycol (EG) in the presence of FeCl;9H,0
and polyvinylpyrrolidone (PVP) [30, 31]. First, 30 mL
of EG solutions and 0.23 g of PVP (average molecular
weight: 360,000) were stirred vigorously in a 100-mL
round flask. After PVP had dissolved, 0.25 g of AgNO;
and 3.2 g of FeCl; solution (600 umol/L in EG) were
added. The reaction was conducted at 150 °C for 1.5 h
(5-NWs) and 130°C for 4 h (L-NWs). The reaction
product was washed with ethanol three times. The
prepared Ag NWs were dispersed in ethanol (0.25 g
of AgNO; precursor dispersed in 75 mL of ethanol)
and drop-coated on glass substrates. The suspension
was streamed along the longitudinal and transverse
directions on the substrate surface. This was followed
by air drying and heating at 200 °C for 20 min. The
resistance of the samples was measured as ~20 Q
using a digital multimeter.

The morphology of the films was characterized using
scanning electron microscopy (SEM, SUPRA 550 VP).
X-ray diffraction (XRD) patterns were obtained using
an X-ray diffractometer (D/max-2700). Transmittance
spectroscopy was performed on the layers using a
spectrophotometer (Cary 5000 UV-Vis-NIR).

The transmittance haze is defined as

T' ﬂ/ TOa _’1—; ecular
HazeT (HT): d1ffuse( ): total specul

x100% (1)
T;otal (ﬂ’) ’Ttotal (ﬂ’)

The total transmittance (To,;) indicates the ability of
light to pass through the thin film and was measured
using an integrating sphere. The specular transmittance
(Tspecular) Was directly measured using a detector
with incident light; the light passing directly through
the sample was collected. The diffuse transmittance
(Taitruse) is defined by the difference between the total
transmittance and the specular transmittance. The
optical-haze factor is critical for the efficiency of
solar cells [32-36]. The haze value is an index that
characterizes the scattered light. A longer path of
light through the absorbing layer of a solar cell yields
a higher current in the solar cell [4, 24].
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3 Results and discussion

Figure 1 shows an SEM image of Ag NW films with
different lengths and concentrations. The S-NWs

(d)

Figure 1 SEM images of the S-Ag NW film ((a) 5kx and (b)
20kx) and the L-Ag NW film ((c) Skx and (d) 20kx) on glass.
The scale bars in the insets correspond to 1,000 nm (b) and (d)
and 2,000 nm (a) and (c).
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were highly concentrated and compacted. The length
of the S-NWs ranged from 1 to 20 um, and the S-NWs
had an average length of 8.3 um and an average
diameter of 85 nm (Figs. S1(a) and S1(b) in the Electronic
Supplementary Material (ESM)). More than half (67%)
of the nanowires were 1-10 um in length. The L-NWs
were sparse compared with the S-NWs and 5-50 pm
in length. The L-NWs had an average length of 14.1 um
and an average diameter of 93 nm (Figs. S1(c) and
S1(d) in the ESM). The majority of the L-NWs (72%)
were 1020 um in length. The average length of the
L-NWs was nearly twice that of the S-NWs, whereas
the average diameter was very similar.

The approximate sheet resistivity was determined.
The S-NW density was far higher than L-NW density.
The SEM images clearly indicate that there was unifor-
mity in the diameter. Therefore, the major difference
in L-NW and S-NWs arose from the nanowire length
and density.

The XRD patterns for the S-NWs and L-NWs are
shown in Fig. 2. These patterns are indexed as face-
centered cubic silver crystals (JCPDS 04-0783), and
a strong (111) diffraction peak is observed at 38°.
Moreover, there is a (200) orientation peak at 44°.
No peak corresponding to silver oxide is observed.
The XRD patterns indicate that the S-NWs and
L-NWs had the same composition. Figure 3 shows the
specular transmittance (ST) and total transmittance
(TT) of the S-NW film (a) and the L-NW film (b).
The total transmittances of the S-NW and L-NW
films in the wavelength range of 400-1,300 nm were
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Figure 2 XRD pattern for the S-Ag NW film and the L-Ag NW
film on glass.
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Figure 3 Specular transmittance and total transmittance of the
S-Ag NW film (a) and the L-Ag NW film (b). Haze factors of the
S-Ag NW and L-Ag NW films (c) (glass deducted).

approximately 82%-87% (average of 85.31%) and
86%—91% (average of 89.67%), respectively. The S-NW
film had a slightly lower total transmittance (by ~ 4%)
than the L-NW film. The total transmittance did not
exhibit a large variation with respect to the length and
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density of the nanowires. All the spectra exhibited
a wide flat region from 450 to 1,300 nm, with the
exception of strong reductions of the transmittance in
the range of 300—400 nm for the S-NWs, which were
due to the large amount of surface plasmons generated
by the short nanorods [37]. The reductions of the
transmittance for the L-NWs were approximately
350 nm and were due to the surface plasmons generated
by the longer nanowires.

On the other hand, the specular transmittance
decreased as the amount of nanowires increased.
The specular transmittances of the S-NW and L-NW
films in the wavelength range of 400-1,300 nm were
approximately 74%-78% (average of 77.74%) and
80%—-88% (average of 86.56%), respectively. Examining
the trend of the ST using the SEM micrographs of Fig. 1
reveals that a larger amount of nanowires yielded a
lower ST, which increased the light scattered by the
Ag NW film.

The H; of the S-NW and L-NW films is shown in
Fig. 3(c). The Hy of the S-NWs decreased from 17% to
9% as the wavelength increased from 400-1,300 nm.
The Hy of the L-NWs decreased from 7% to 3% for
the same wavelength change. The haze factor for the
S-NW film was twice as large as that for the L-NW
film. The Hr clearly indicated significant light scattering
for the S-NW film over the full spectral range compared
with the L-NWs. The SEM images in Fig. 1 show that
the number of S-NWs was about twice as large as the
number of L-NWs. The average haze in the wavelength
range of 400-1,300 nm for the S-NWs and L-NWs
was 10.28 and 4.16, respectively. The Hr of the Ag
NW film depended on several factors: the length and
diameter of the nanowires, the nanowire density, and
fabrication method [25-27]. As reported by T. Araki
et al. [25], there was a small difference in the optical
haze between different diameter nanowires. The haze
for nanowires 91 nm in diameter was 1%-1.5% higher
than that of nanowires 68 nm in diameter and with
approximately the same length. The S-NWs had an
average diameter of 85 nm, and the L-NWs had an
average diameter of 93 nm. The average diameter
and statistical distribution were similar between the
L-NWs and S-NWs. Rather than the diameter, the
length was the major difference between the L-NWs
and S-NWs. Therefore, we consider that the diameter
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had a small effect on the scattering. The differences in
the optical properties arose from the differences in
the length and density.

The haze factor for the Ag NW network was
determined using the NW density and other properties.
Larger haze values for S-NWs correspond to increased
scattering due to a higher nanowire density.

The transmittance of the Ag NW films for both
the S-NWs and L-NWs in the wavelength range of
400-1,300 nm range was higher than 80%, which
indicates a high transparency. As in our previous
study [24], the Ag NW films exhibited extremely low
absorption in the range of 400-1,300 nm. In addition
to a lower amount of light being absorbed by the Ag
NW film, the majority of the non-transmitted light
was scattered by the Ag NWs. Effectively managing
the light backscattered by Ag NW thin films is a topic
for future research.

Ag NWs scatter light in all directions. The
scattered light can be divided into two parts: the
forward-scattered light (0°-180°) and backscattered
light (180°-360°). To our knowledge, there is no clear
definition for forward-scattered or backscattered light.
The ratio of forward-scattered light to backscattered
light is not discussed in the literature.

Herein, we define Ry = R — Ry as the backscattered
light. R represents the total optical reflection of the
Ag NW film on glass measured using an integrating
sphere, and R, is the reflection of the glass. The degree
of forward-scattered light is defined as Tgifuse = TT —
ST, where TT is the total transmittance measured an
integrating sphere, and ST is the specular transmittance.
A schematic of the transmittance, reflection of glass,
and Ag NWs is shown in Fig. 52 in the ESM.

Ryfuse = R=R, 2)
Tigiee = TT=ST ©)]
Total-scattered light
T =Re * Tiittue = (R=R,)+(TT-ST) 4)
Ry, = Tpuee 1 T ®)
Ry, = Ryyge / T (6)

The forward-scattered and backscattered light can
be easily calculated using the total transmittance,
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specular transmittance, total reflectance, and reflectance
of glass. Figure 4(a) shows the forward-scattered and
backscattered light for the L-NWs with respect to
the wavelength in the range of 400-1,400 nm. As the
wavelength increased, the forward-scattered light
decreased, whereas the backscattered light initially
decreased and then increased. The total scattered light
exhibited a similar trend to the backscattered light.
For the L-NW film, the backscattering capability was
stronger than the forward-scattering capability. We
calculated the scattering ratio using Egs. (3) and (4).
As shown in Fig. 4(b), as the wavelength increased
from 400 to 1,500 nm, the backscattering ratio for the
L-NWs increased from 53% to 73%, whereas the
forward-scattering ratio for L-NWs decreased from
47% to 27%. As the wavelength increased from 400 to
1,500 nm, the scattering ratio for the L-NWs gradually
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Figure 4  Ryifruse, Taifruses and T for the L-Ag NW film (a) and
ratio of backscattered light to forward-scattered light for the L-Ag
NW film (b).
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changed: The backscattering increased, and the forward
scattering decreased.

The forward-scattered and backscattered light
exhibited a different trend for the S-'NWs than for the
L-NWs. Figure 5(a) shows the forward-scattered,
backscattered, and total scattered light for the S-NWs
with respect to the wavelength for the wavelength
range of 400-1,300 nm. The scattered light initially
increased at wavelengths of 300-500 nm and then
decreased with increased further. The forward-scattered
and backscattered light exhibited similar trends and
values.

We calculated the scattering ratio using Egs. (3)
and (4), as shown in Fig. 5. As the wavelength increased
from 400-1,300 nm, the forward-scattering ratio for
the S-NWs decreased from 55% to 47%, and the
backscattering ratio for the SSNWs increased from 45%
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Figure 5 Rguses diftuses and T for the S-Ag NW film (a) and the
ratio of backscattered light to forward-scattered light for the S-Ag
NW film (b).
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to 53%. Both the forward-scattering and backscattering
ratios remained relatively constant throughout the
spectrum.

The scattering ratio at a specific wavelength can
be tuned by changing the length and density of the
nanowires. According to the SEM images and Fig. 4,
the L-NW thin film had a larger mesh because of the
lower density of nanowires. Longer-wavelength light
yielded a larger forward-scattering ratio for the L-NWs
and a slightly smaller forward-scattering ratio for the
S-NWs. Thus, the mesh size of the nanowires affected
the scattering ratio. A larger mesh yielded more
backscattering at longer wavelengths, and smaller
mesh yielded a smaller backscattering ratio at longer
wavelengths. The light backscattered by the NW thin
film was scattered not only by individual the nanowires
but also by the nanowires forming meshes. This
observation opposes the generally accepted idea that
increasing or decreasing the nanowire density changes
the forward-scattering and backscattering ratios.

To elucidate the proportion of diffuse reflection in
the total reflection, the reflection haze of the Ag NWs
was defined as

H. = Rdiffusc (ﬂ’) — R_RU

x100% )
* Rou(4) R

The Hy values for the S-NW and L-NW films are
shown in Fig. 6. Although Rgise is smaller than Tiyisyses
the reflection R is four times smaller than the total
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Figure 6 Reflection-haze factors for the S-Ag NW and L-Ag NW
films, calculated according to the total reflection.
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transmittance, indicating that Hy is three times larger
than the haze calculated using the transmittance. The
Hy, for the S-NWs initially increased to 45% at 440 nm,
decreased to 40% at 940 nm, and then increased to
45% at 1,300 nm. The Hyi for the L-NW film was
smaller than that for the S-NW films in the measured
region. The Hy for the L-NWs initially increased to
36% at 400 nm, decreased to 32% around 500-650 nm,
and then increased to 42% at 1,300 nm. As shown
in Fig. 6, the Hy values for the S-NWs and L-NWs
exhibited different trends in the wavelength range of
500-1,000 nm. Preston et al. theoretically investigated
the Hy factor for Ag NWs using finite-difference
time-domain simulations [29]. The simulations indicated
that the scattering fields produced by Ag NWs are
not restricted to small angles. Rather, they extend to
larger forward-scattering angles as well. Hence, the
scattering fields have a space distribution of 0°-360°.
The Ag NW film forms a two-dimensional (2D)
mesh grid with a random distribution of NWs on
the glass substrate. When light travels through a
disordered system, scattering-enhancement phenomena
are commonly caused by the coherent-backscattering
effect. A phase difference of zero between the
backscattered light and the light reflected by the glass
surface may result in the coherent-backscattering
effect. The impact of diffuse scattered light must be
addressed. A large amount of backscattered light,
which causes a large Hy of Ag NWs, is important
for displays. In this paper, we introduced a series of
formulas for evaluating the light forward-scattered
and backscattered by Ag NWs. The Hy factor can be
treated as a new figure of merit.

4 Conclusion

The haze values for S-NW and L-NW films were
compared. The S-NW films, which have a larger haze
value and more forward-scattered light, can be used
in thin-film solar cells. We developed an equation
for calculating the ratio of forward-scattered light to
backscattered light in order to characterize the
forward scattering and backscattering of Ag NW
films. Different scattering ratios were obtained for
the S-NW and L-NW films. We also defined and

Nano Res. 2017, 10(11): 3706-3714

calculated the reflection-haze factor for the S-NW and
L-NW films. We consider that the light backscattered
by the NW thin films was scattered not only by the
individual nanowires but also by the meshes formed
by the nanowires. We used a series of equations to
define the forward-scattering and backscattering pro-
perties of Ag NWs. The discovery of Ag NW light
scattering in different directions is relevant for many
practical applications with transparent conducting
electrodes and thus has great practical significance.
The unique optical scattering of Ag NWs (separate
wires forming a 2D mesh) compared with conventional
continuous thin films allows the development of novel
optical-evaluation systems. The interaction of light
with Ag NWs should be further studied owing to its
great significance for the practical application of Ag
NWs in transparent conductive films.
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