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Flexible, transparent dielectric capacitors with nanostructured electrodes

Sophie Sorel, Umar Khan, and Jonathan N. Coleman®
Centre for Research on Adaptive Nanostructures and Nanodevices and School of Physics,

Trinity College Dublin, Dublin 2, Ireland

(Received 2 August 2012; accepted 21 August 2012; published online 5 September 2012)

We have prepared flexible, transparent, dielectric capacitors by spraycasting very thin networks of
single walled nanotubes (SWNTs) or silver nanowires (AgNWs) onto either side of free-standing
polymer films. Impedance spectroscopy showed these structures to behave as a capacitor in
combination with a series resistance. Those capacitors with SWNT electrodes displayed optical
transmittance between 57% and 74%, capacitances ranging from 0.4 to 1.1 uF/cm? and series

resistances

ranging 400 Q/J-10kQ/J. However, using AgNW electrodes

gave similar

transmittance and capacitance but series resistance as low as 60€/[]. Finally, the properties of
these capacitors were invariant under flexing. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4750059]

Transparent conducting materials' are important for a
range of applications from smart windows to solar cells.
Over the last decade, much work has been carried out to de-
velop new transparent conductors. This is partly due to con-
tinuing increases in the cost of indium which, many fear,
will render the most common transparent conductor, indium
tin oxide (ITO), economically unviable. However, equally
important is the fact that, due to its brittle nature,3 ITO is
unsuited to flexible electronic applications.

The search for materials which can be formed into thin
films that combine high transparency, low sheet resistance,
and flexibility has largely focused on nanostructures such as
graphene,4_7 carbon nanotubes,g_1 ! or metallic nanowires.'>'°
Such materials are generally deposited from solution as dis-
ordered networks of individual nano-objects. This process is
relatively cheap, scalable and can be achieved at low temper-
ature. Alternatively, graphene monolayer films can be grown
continuously by chemical vapour deposition (CVD) on meter
wide rolls.* In the case of metallic nanowires'*'>'7 and
CVD grown graphene,* films with transparency of >90%
and sheet resistance <100 Q/[] can routinely be achieved. A
considerable advantage of these materials is that their electri-
cal properties are remarkably stable under mechanical flex-
ing,'*'® making them ideal for future flexible electronics. As
a result, they have been used to prepare a range of working
devices including transparent supercapacitors'®" and bat-
teries,21 solar cells,” light emitting diodes,22 and touch
screens.”> However, it is notable that virtually no attention
has been given to demonstrating flexible, transparent ver-
sions of one of the simplest electronic component — the
dielectric capacitor.

Transparent capacitors will be important for applications
such as storage of energy from solar cells** and all-
transparent circuitry® in applications such as head-up-dis-
plays. However, very little work has been done in this area
with the vast majority of papers focusing on rigid capacitors,
typically with conducting oxide electrodes.?***"*® Flexible,
transparent capacitors will require both dielectric and elec-
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trodes to be flexible and transparent. Polymer dielectrics are
well known?’ and will fulfil these criteria. Less straightfor-
ward will be the choice of electrode. However, it is likely
that networks of conducting nanomaterials will be ideal can-
didates for flexible, transparent capacitor electrodes. In fact,
one paper has described transparent, flexible capacitors with
nanotube electrodes.’® However, the dependence of proper-
ties on electrode thickness and applied frequency were not
shown and no detailed analysis was given. Particularly im-
portant will be to characterise and minimise the series resist-
ance of transparent capacitors. It is likely that this parameter
will be relatively high because ultra-thin electrodes will be
required to achieve high transparency. In the current work,
we demonstrate flexible, transparent capacitors with polymer
dielectric and both carbon nanotube and silver nanowire
(AgNW) electrodes. We demonstrate how transparency, ca-
pacitance and, in particular, series resistance depend on the
nature of the electrode.

To fabricate transparent, parallel electrode capacitors
(Figure 1(a)), we first produced free-standing polymer dielec-
tric films by dropcasting a solution of polyvinyl acetate
(PVACc in tetrahydrofuran, THF, C = 60 mg/ml) into a Teflon
tray. This was then left to dry overnight, followed by further
drying in an oven at 50 °C for 8 h resulting in relatively uni-
form, free-standing polymer films. The film thickness was
controlled by the volume of solution deposited and was varied
between 35 um and 90 um. To deposit the electrodes, single
walled nanotubes (SWNTs, produced by Iljin group) were dis-
persed in water with the aid of the surfactant sodium dodecyl
sulphate, SDS (Cswnt = 0.15 mg/ml, Cspg = 10 mg/ml). This
dispersion was deposited onto both sides of the polymer film
by spraycasting using a Harder & Steenbeck infinity airbrush
secured to a JANOME JR2300N robot.'* Spraying was per-
formed using a 30psi back-pressure and a flow-rate of
2.5mm?/s, with the polymer film on a hotplate at 50°C. The
resulting capacitor was stored under ambient conditions for
24h before measurements were made. We note that these
components are very robust and can be handled, manipulated,
and flexed without apparent damage.

Scanning electron microscopy (SEM, Figures 1(b)-1(d))
measurements (Zeiss Ultra, samples coated with a 5 nm thick

© 2012 American Institute of Physics
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FIG. 1. (a) Photograph of a free-standing transparent capacitor

(Tcap = 74%). The metallic bands at top and bottom are silver paint to facili-
tate connection to external circuitry. Inset: Schematic of the capacitor struc-
ture. (b) SEM image of a spray-coated SWNT electrode at the surface of the
polymer dielectric. (¢) SEM image of a fracture surface of a typical capaci-
tor. (d) Zoomed image of the capacitor edge showing protruding nanotubes.
Note, (d) had been rotated by 90° relative to (c). (e) Transmittance versus
sheet resistance, Rg, for individual nanotube networks, sprayed onto PET
substrates at the same times as the capacitor electrodes were deposited.
Inset: Overall transmittance of capacitors as function of product of individ-
ual network transparencies.

layer of a Ti-Au alloy) show the deposited electrodes to con-
sist of a very thin network of nanotube bundles similar to
those prepared for other transparent electrode applica-
tions." 83132 By comparison with previous work, we expect
these networks to be ~5-20 nm thick.'*""

As the capacitor electrodes were being deposited, a pi-
ece of PET was simultaneously sprayed (one side only) with
SWNTs under identical conditions to facilitate the character-
isation of the electrodes individually. The transmittance of
these individual networks (with PET film as reference) as
well as that of the capacitors themselves (no reference) was
measured using a Cary Varian 6000i spectrophotometer.
Broad spectra similar to those reported previously'® were
found in all cases. The sheet resistance, R, of the individual
electrodes was measured using a Keithley source meter. The
transmittances of the individual electrodes (T;, T, 550 nm)
are plotted against electrode sheet resistance (Rg;, Rgp) in
Figure 1(e). Here, the subscripts 1 and 2 represent individual
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electrodes that were sprayed concurrently with the capacitor
electrodes, but on PET. Such data are well described by the

expression®'?
(1

where Z,=377 Q and in this case,’ the electrode figure of
merit is 6pcp/0op ~ 3. This is significantly below the state
of the art for nanostructured transparent conductors®' but
will be sufficient for this study.

We expect the transmittance of the capacitor as a whole
to be given by T¢,, = TpT T2, where Ty is the transmittance
of the polymer film. This is shown to be the case in Figure
1(e) inset which predicts Tp =0.88, in good agreement with
measurements of PVAc films of similar thickness
(45-75 um).

Impedance (Z) spectra (Gamry 600, V c=25-100mV)
were measured for a range of capacitors with various poly-
mer and electrode thicknesses (for simplicity, the thicknesses
of electrodes 1 and 2 were equal). Shown in Figure 2(a) is a
typical data set showing the modulus of the impedance, |Z|,
plotted as a function of angular frequency, w, while Figure
2(b) plots the phase, ¢, versus @ (NB Z = Zg. + iZy
= |Z|ei¢). These curves are qualitatively as expected for a
series RC combination®* (inset Figure 2(a) inset). Such a cir-
cuit would have impedance
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FIG. 2. Impedance data for a typical capacitor. (a) Impedance amplitude,
|Z|, and (b) phase angle, ¢, as a function of angular frequency, w. The
dashed lines represent fits to the model describing a series capacitor-resistor
combination (inset in (a)). Fit constants are given in the figure. The inset in
(b) represents a Cole-Cole plot of the real versus imaginary impedance. This
plot shows a delta function, as expected for a series capacitor-resistor
combination.
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Z = Rser — z/wC7 2

where Rg,, is the series resistance and C is the capacitance.
In this scenario, the impedance amplitude and phase are

given by

|Z| = \/R%,, + 1/w?C? 3)
and

¢ = tan"' (1/wRs,,C). 4)

Fitting these equations to the data gives very good
agreement, in this case with Rg., = 14kQ, C=0.16nF, and
Rse;C =2 us (Figures 2(a) and 2(b)). Furthermore, the Cole-
Cole plot exhibits a delta function, as expected for such an
equivalent circuit (Inset Figure 2(b)).34

Similar data sets for a number of capacitors with sepa-
rately varying electrode and dielectric thicknesses were ana-
lysed to give the capacitance per overlapping electrode area,
C/A, and series resistance Rg.,. To facilitate comparison
between different capacitors, we have rescaled the measured
series resistances to represent square capacitors (units: Q/[]).
The observed data are plotted in Figure 3(a). It is clear from
this data that Rg., depends solely on the electrode geometry
while C/A depends solely on the polymer thickness. We can
show this more clearly by noting that C/A is expected to
scale with the thickness, t,,q1y, Of the dielectric material as

C/A = 60/ tpoly. (5)

That this is the case is shown in Figure 3(b), with this
data consistent with a dielectric constant of &, = 3.6, close to
the expected value for PVAc of ~3 at room temperature.>>
We note that the capacitances obtained are not particularly
high. This is largely due to the relatively low dielectric con-
stant of PVAc and the relatively high thickness of the poly-
mer dielectric. Both of these factors should be relatively
easy to improve using existing materials.*’

It is also worth considering the relationship between
Tcap and both C/A and Rg,,, as shown in Figures 3(c) and
3(d). Varying the thickness of the polymer (open symbols)
changes C/A but hardly affects T or Rg.;. However, changing
the thickness of the SWNT network (solid symbols) does not
affect C/A but has a large effect on T and Rg.,. Making the
approximation that front and back electrodes are identical
(ie., Ty = T2, Rs) = Rs», and (opc/00p); = (0pcB/00p),)
and assuming that the series resistance is just the sum of the
electrode sheet resistances (Rs., = 2R,), we can relate the
transmittance of the capacitor to the series resistance by the
square of equation (1) (because T¢q, = TpTT>). This curve is
plotted on Figure 3(d) by the dashed line using Tp = 0.88 and
opc./00p =3 and matches the data extremely well.

Previous work has shown the electrical properties of
nanotube networks to be robust under ﬂexing.18 Thus, we
would expect the properties of our capacitors to be stable
against bending. To test this, we measured the impedance
spectrum of a typical capacitor in a planar arrangement (Fig-
ure 4(a)). From the fits, we extracted the series resistance
and the capacitance (Figures 4(b) and 4(c)). We then bent
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FIG. 3. Impedance data for transparent capacitors. (a) Areal capacitance
plotted as a function of series resistance for capacitors with either constant
electrode thickness but variable polymer thickness or vice versa. (b) Areal
capacitance as a function of inverse dielectric thickness, 1/,0y. (¢) and (d)
Capacitor transmittance as a function of (c) areal capacitance and (d) series
resistance. Data are shown for capacitors with either constant electrode
thickness but variable polymer thickness or vice versa. The dashed line in
(d) illustrates the behaviour expected for two identical electrodes, each
described by the fit line in Figure 1(e), assuming a polymer transmittance of
0.88, Rs.; =2R; and apc 3/00, = 3. NB in both (a) and (d), the series resist-
ance has been rescaled to make it represent a square electrode and so is pre-
sented in Q/]. NB the data for the capacitor with AgNW electrodes are
shown as a star.

the capacitor to a radius of curvature of ~8 mm (Figure 4(d)),
before remeasuring the impedance spectrum (Figures 4(e) and
4(f)) and extracting C and Rs.,. We found the properties of
the capacitor to be virtually indistinguishable before and after
bending, demonstrating the robustness of the structure. To
confirm this robustness, we subjected a (different) capacitor to
repeated bend (~8 mm radius) cycles, measuring the impe-
dance periodically. As shown in Figures 4(g) and 4(h), both
Rser and C are extremely stable under these conditions.
Finally, the capacitance per unit area for our device is
quite low, ranging from 0.4 to 1.1 uF/m? while the series
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FIG. 4. (a) Capacitor in planar arrangement. (b) and (c) Modulus and phase
spectra measured in planar arrangement. (d) Capacitor bent to a radius of
8 mm. (e) and (f) Modulus and phase spectra measured in bent arrangement.
The series resistance, capacitance, and time constant as derived from the fits
are given in the panels. (g) and (h) Series resistance and capacitance meas-
ured for a (slightly different) transparent capacitor as a function of number
of bend cycles.

resistance is extremely high, with values in the range
2-10 kQ for ~70% transmittance. As indicated above, it
should be possible to increase the capacitance by using thin-
ner polymer films and/or different dielectric materials. How-
ever, to reduce the series resistance, the conductivity of the
electrode material must be increased. We propose using
materials such as silver nanowires (from Kechuang
Advanced Materials Ltd.),'"*'*?*! which are considerably
more conductive than SWNTs.?! To test this, we prepared a
capacitor as before, but with electrodes prepared by spray-
ing'* networks of AgNWs. Individually, these electrodes had
transmittance of 90% and sheet resistances of 22-27 Q/[],
competitive with the state of the art for nanostructured trans-
parent conductors.'*'”*! Using this method, we achieved
values of C/A =0.51 uF/m? and Tcap = 67%, very similar to
the nanotube capacitors. However, the series resistance
(rescaled to represent square electrodes) was much reduced
at 60 Q/[]. While this value is low compared to that obtained
from carbon nanotube electrodes, it appears high relative to
commercial capacitors with metal electrodes. However, this
is largely due to our requirement of transparency. To put this
in context, we note that thin metal films with transparency of
~75% tend to have sheet resistances of hundreds of Q/[1.%°
This means that when such films are used to prepare trans-
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parent capacitors, series resistances of at least this can be
expected. Thus, we expect AGNW networks to be the mate-
rial of choice for future transparent capacitor applications.

In conclusion, we have produced transparent capacitors
by spraying SWNT or AgNW networks onto both sides of
PVACc thin films. These capacitors are flexible and display
transmittance between 57% and 74%, capacitances ranging
from 0.4 to 1.1uF/cm® and series resistances ranging
60 Q/[J-10kQ/J. We believe these structures will be useful
in a range of applications from sensors to transparent cir-
cuitry. For example, the porous nature of the electrode will
make these structures ideal for capacitive gas sensing.

We acknowledge the Science Foundation Ireland funded
collaboration (SFI Grant 03/CE3/M406s1) between Trinity
College Dublin and Hewlett Packard which has allowed this
work to take place. J.N.C. is also supported by an SFI PI
award. We thank Richard Coull for valuable support.

D. s. Hecht, L. B. Hu, and G. Irvin, Adv. Mater. 23, 1482 (2011).

’R. G. Gordon, MRS Bull. 25, 52 (2000).

3y. Leterrier, L. Medico, F. Demarco, J. A. E. Manson, U. Betz, M. F.
Escola, M. K. Olsson, and F. Atamny, Thin Solid Films 460, 156 (2004).

43, Bae, H. Kim, Y. Lee, X. F. Xu, J. S. Park, Y. Zheng, J. Balakrishnan, T.
Lei, H. R. Kim, Y. L. Song, Y. J. Kim, K. S. Kim, B. Ozyilmaz, J. H. Ahn,
B. H. Hong, and S. Iijima, Nat. Nanotechnol. 5, 574 (2010).

5S. De and J. N. Coleman, ACS Nano 4, 2713 (2010).

°X. Wang, L. Zhi, and K. Mullen, Nano Lett. 8, 323 (2008).

’G. Eda, G. Fanchini, and M. Chhowalla, Nat. Nanotechnol. 3, 270 (2008).

SL. Hu, D. S. Hecht, and G. Gruner, Nano Lett. 4, 2513 (2004).

°P.N. Nirmalraj, P. E. Lyons, S. De, J. N. Coleman, and J. J. Boland, Nano
Lett. 9, 3890 (2009).

197, C. Wu, Z. H. Chen, X. Du, J. M. Logan, J. Sippel, M. Nikolou, K.
Kamaras, J. R. Reynolds, D. B. Tanner, A. F. Hebard, and A. G. Rinzler,
Science 305, 1273 (2004).

B. B. Parekh, G. Fanchini, G. Eda, and M. Chhowalla, Appl. Phys. Lett.
90, 121913 (2007).

125, De, T. Higgins, P. E. Lyons, E. M. Doherty, P. N. Nirmalraj, W. J.
Blau, J. J. Boland, and J. N. Coleman, ACS Nano 3, 1767 (2009).

3J.Y. Lee, S. T. Connor, Y. Cui, and P. Peumans, Nano Lett. 8, 689 (2008).

14V. Scardaci, R. Coull, P. E. Lyons, D. Rickard, and J. N. Coleman, Small
7,2621 (2011).

SA.R. Rathmell, M. Nguyen, M. F. Chi, and B. J. Wiley, Nano Lett. 12,
3193 (2012).

1°A. R. Rathmell and B. J. Wiley, Adv. Mater. 23, 4798 (2011).

7D, S. Leem, A. Edwards, M. Faist, J. Nelson, D. D. C. Bradley, and J. C.
de Mello, Adv. Mater. 23, 4371 (2011).

BE. M. Doherty, S. De, P. E. Lyons, A. Shmeliov, P. N. Nirmalraj, V. Scar-
daci, J. Joimel, W. J. Blau, J. J. Boland, and J. N. Coleman, Carbon 47,
2466 (2009).

9P, J. King, T. M. Higgins, S. De, N. Nicoloso, and J. N. Coleman, ACS
Nano 6, 1732 (2012).

2°A. P. Yu, L. Roes, A. Davies, and Z. W. Chen, Appl. Phys. Lett. 96,
253105 (2010).

2y, Yang, S. Jeong, L. B. Hu, H. Wu, S. W. Lee, and Y. Cui, Proc. Natl.
Acad. Sci. U.S.A. 108, 13013 (2011).

22E. C. W. Ou, L. B. Hu, G. C. R. Raymond, O. K. Soo, J. S. Pan, Z. Zheng,
Y. Park, D. Hecht, G. Irvin, P. Drzaic, and G. Gruner, ACS Nano 3, 2258
(2009).

#D. S. Hecht, D. Thomas, L. B. Hu, C. Ladous, T. Lam, Y. Park, G. Irvin,
and P. Drzaic, J. Soc. Inform. Disp. 17, 941 (2009).

24C. J. Xian and S. G. Yoon, J. Electrochem. Soc. 156, G180 (2009).

STransparent Electronics From Synthesis to Applications, edited by A. Fac-
chetti and T. J. Marks (Wiley and Sons, 2010).

6B, Du Ahn, J. H. Kim, H. S. Kang, C. H. Lee, S. H. Oh, G. H. Kim, D. H.
Li, and S. Y. Lee, Mater. Sci. Semicond. Process. 9, 1119 (2006).

27, ML Park, J. H. Park, and S. G. Yoon, J. Electrochem. Soc. 157, G258
(2010).

28K, K. Uprety, L. E. Ocola, and O. Auciello, J. Appl. Phys. 102, 084107 (2007).

2B, I. Chu, X. Zhou, K. L. Ren, B. Neese, M. R. Lin, Q. Wang, F. Bauer,
and Q. M. Zhang, Science 313, 334 (2006).

Downloaded 14 Jun 2013 to 134.226.254.162. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1002/adma.201003188
http://dx.doi.org/10.1557/mrs2000.151
http://dx.doi.org/10.1016/j.tsf.2004.01.052
http://dx.doi.org/10.1038/nnano.2010.132
http://dx.doi.org/10.1021/nn100343f
http://dx.doi.org/10.1021/nl072838r
http://dx.doi.org/10.1038/nnano.2008.83
http://dx.doi.org/10.1021/nl048435y
http://dx.doi.org/10.1021/nl9020914
http://dx.doi.org/10.1021/nl9020914
http://dx.doi.org/10.1126/science.1101243
http://dx.doi.org/10.1063/1.2715027
http://dx.doi.org/10.1021/nn900348c
http://dx.doi.org/10.1021/nl073296g
http://dx.doi.org/10.1002/smll.201100647
http://dx.doi.org/10.1021/nl301168r
http://dx.doi.org/10.1002/adma.201102284
http://dx.doi.org/10.1002/adma.201100871
http://dx.doi.org/10.1016/j.carbon.2009.04.040
http://dx.doi.org/10.1021/nn204734t
http://dx.doi.org/10.1021/nn204734t
http://dx.doi.org/10.1063/1.3455879
http://dx.doi.org/10.1073/pnas.1102873108
http://dx.doi.org/10.1073/pnas.1102873108
http://dx.doi.org/10.1021/nn900406n
http://dx.doi.org/10.1889/JSID17.11.941
http://dx.doi.org/10.1149/1.3212836
http://dx.doi.org/10.1016/j.mssp.2006.10.030
http://dx.doi.org/10.1149/1.3491369
http://dx.doi.org/10.1063/1.2785027
http://dx.doi.org/10.1126/science.1127798

103106-5 Sorel, Khan, and Coleman Appl. Phys. Lett. 101, 103106 (2012)

3p. J. Lipomi, M. Vosgueritchian, B. C. K. Tee, S. L. Hellstrom, J. A. Lee, 34E. Barsoukov and J. R. MacDonald, Impedance Spectroscopy: Theory,

C. H. Fox, and Z. N. Bao, Nat. Nanotechnol. 6, 788 (2011). Experiment and Applications (Wiley and Sons, 2005).
31S. De and J. N. Coleman, MRS Bull. 36, 774 (2011). BSM. M. Kummali, G. A. Schwartz, A. Alegria, R. Arinero, and J. Colme-
*2C. M. Niu, MRS Bull. 36, 766 (2011). nero, J. Polym. Sci. Part B: Polym. Phys. 49, 1332 (2011).
33M. Dressel and G. Gréuner, Electrodynamics of Solids: Optical Properties D. S. Ghosh, L. Martinez, S. Giurgola, P. Vergani, and V. Pruneri, Opt.
of Electrons in Matter (Cambridge University Press, Cambridge, 2002). Lett. 34, 325 (2009).

Downloaded 14 Jun 2013 to 134.226.254.162. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1038/nnano.2011.184
http://dx.doi.org/10.1557/mrs.2011.236
http://dx.doi.org/10.1557/mrs.2011.213
http://dx.doi.org/10.1002/polb.22301
http://dx.doi.org/10.1364/OL.34.000325
http://dx.doi.org/10.1364/OL.34.000325

