
micromachines

Article

Wrinkled Graphene–AgNWs Hybrid Electrodes for
Smart Window

Ki-Woo Jun, Jong-Nam Kim, Jin-Young Jung and Il-Kwon Oh *

Creative Research Initiative Centre for Functionally Antagonistic Nano-Engineering, Department of Mechanical
Engineering, Korea Advanced Institute of Science and Technology (KAIST), 291 Daehak-ro, Yuseong-gu,
Daejeon 34141, Korea; jkw82@kaist.ac.kr (K.-W.J.); jnkim4388@kaist.ac.kr (J.-N.K.); jinyjung@kaist.ac.kr (J.-Y.J.)
* Correspondence: ikoh@kaist.ac.kr; Tel.: +82-42-350-1520

Academic Editors: Seung Hwan Ko, Daeho Lee and Zhigang Wu
Received: 31 December 2016; Accepted: 26 January 2017; Published: 1 February 2017

Abstract: Over the past few years, there has been an increasing demand for stretchable electrodes
for flexible and soft electronic devices. An electrode in such devices requires special functionalities
to be twisted, bent, stretched, and deformed into variable shapes and also will need to have the
capacity to be restored to the original state. In this study, we report uni- or bi-axially wrinkled
graphene–silver nanowire hybrid electrodes comprised of chemical vapor deposition (CVD)-grown
graphene and silver nanowires. A CVD-grown graphene on a Cu-foil was transferred onto a bi-axially
pre-strained elastomer substrate and silver nanowires were sprayed on the transferred graphene
surface. The pre-strained film was relaxed uni-(or bi-)axially to produce a wrinkled structure.
The bi-axially wrinkled graphene and silver nanowires hybrid electrodes were very suitable for
high actuating performance of electro-active dielectric elastomers compared with the wrinkle-free
case. Present results show that the optical transparency of the highly stretchable electrode can be
successfully tuned by modulating input voltages.
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1. Introduction

Smart windows, which can control the level of light transmission, have recently been attracting
great interest, because they can be applied to a variety of applications, including vehicle windows,
exterior wall windows and skylight windows. Until now, most smart window technology has been
based on the redox reaction of a molecular element and a chromic material in response to external
stimuli such as light, electricity, or temperature [1–4]. However, such materials are chemically unstable
during the conversion processes, and are further disadvantageous in that they are difficult to control [4].
As a result, there is a need for a new smart window that is efficient in manufacturing, simple to
implement, durable to operate and has a fast response time.

Among various approaches to smart window technology, there has been recent interest in
techniques for modulating transmittance by changing the surface morphology of an elastomer actuator.
In order to generate such a morphological change of soft materials, a flexible and stretchable conducting
material should be used as compliant electrodes, which can be stretched or shrunk according to the
movement of the soft material, such as nanowires, graphene, and hybrid materials [5–12]. In particular,
techniques using a soft dielectric elastomer and stretchable electrodes are being studied for controlling
surface morphology by applying electric input voltages. Smart window technology based on such soft
materials can be applied to micro-lens arrays [13,14], flexible electronic devices [15,16], and variable
diffraction gratings [17].

However, since most devices were operated with flat electrodes, the changes in transmittance
were not so large, resulting in a limited application. In order to resolve this performance problem,
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