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Electrically conductive polymeric 3D photonic crystals are prepared by the shear ordering of

composites consisting of monodisperse core-shell polymer spheres and single-walled carbon nanotubes

(SWNTs). Strong iridescent colour indicates that the highly ordered opaline structures are not

disrupted by the presence of the conductive nanotube networks. Thermal annealing leads to

a significant increase in the overall electrical conductivity of thin-film samples yielding DC

conductivities of 10�4 S cm�1, with percolation thresholds of less than 0.4 wt% of SWNT. Such

composites with open networks of carbon nanotubes held apart by lattices of hard spheres, give

combined conductive properties and structural colour effects, within a tuneable viscoelastic medium,

with many potential functional applications.
Introduction

Colloidal crystals have attracted much attention in recent years,

as examples of photonic structures, where periodic variations

in refractive index create photonic band-gaps. Within these

band-gaps, the propagation of a certain wavelengths of light is

prohibited,1 and a range of novel optical properties such as

structural colour,2 ‘‘slow-light’’3 and ‘‘superprism’’4 effects are

possible. Photonic crystal principles allow development of

structured materials with distinguishing optical properties, which

are not accessible using dyes or pigments. Colloidal crystals can

be fabricated by self-assembly of sub-micron sized mono-

disperse spheres, typically made of polystyrene or silica.5,6 Layers

of close-packed spheres generate the periodic refractive index

change and the maximum wavelength of reflection lmax from the

colloidal crystal is given by the well-known Bragg equation,

where d is layer spacing, neff is effective refractive index, and q is

incident angle.

lmax ¼ 2d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2eff � cos2 q

q
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In recent work, we have reported three-dimensional (3D)

ordered polymeric photonic crystal or polymer opals.7–17 These

are fabricated by shear-induced ordering of core-interface-shell

(CIS) structured polymer spheres. The CIS polymer sphere is

composed of a rigidly cross-linked polystyrene core (i.e. a rigid

spherical core) covered with a low-glass transition temperature

(Tg) poly(ethyl acrylate) (PEA) soft shell, via a thin (�10 nm)

poly(methyl methacrylate) interlayer containing the co-monomer

allylmethacrylate (ALMA) as a grafting agent (Fig. 1a). Synthesis

of CIS spheres is achieved by an emulsion polymerization route

and the overall CIS diameter is readily controllable, typically

ranging from 150 to 350 nm, without affecting the high mono-

dispersity.15,18The Bragg wavelength can be tuned over the whole

range of the visible and near infrared spectral region by adjusting

the sphere size. The soft shell polymer forms a continuous matrix

during the shear-ordering process and the rigid spheres become

regularly arranged in thismatrix. The net refractive index contrast

between core and shell materials in the archetypal PS/PEA system

is Dn z 0.11, with neff z 1.51. Doping polymer opals with tiny

amounts of carbon nanoparticles causes a dramatic enhancement

of the resonant Bragg scattering and gives significant color

enhancement and a peculiar angular dependence.11 A recently

developed edge-induced rotational shearing (EIRS) process has

been shown to induce 3D opaline ordering of CIS spheres over

areas of 10s of square-centimeters and through film thicknesses of

greater than 100 microns.14 The exceptional flexibility and

stretchability (>100%) of the final polymer opal, along with the

possibility of tuning the optical properties by deformation,13,15

render this structure as a rather unique photonic crystal.

However, the prospects for utilising such photonic materials in

optoelectronic applications, such as photovoltaics or electrically-

tuneable colour films, require conductive colloidal crystals which

have been unavailable thus far.
Soft Matter
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Fig. 1 (a) Core-interlayer-shell (CIS) structure of the constituent

particles used to form polymer opals. (b) Schematic of preparation

procedure of SWNT-doped polymer opals. (c) SEM image of an annealed

opal with 1wt% SWNT. The scale bar is 500 nm. (d) Reflection spectra of

SWNT (0.1wt%)-doped polymer opal films from three different sized CIS

particles. The noticeably broader width of the red opal spectrum is due to

the inverse scaling of the wavelength with energy. Inset: photographs of

the as-prepared films, as viewed in reflected white light.
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In the present study, we demonstrate 3D polymeric photonic

crystals, which are rendered electrically conductive by forming

a nanocomposite with carbon nanotubes.

Single-walled carbon nanotubes (SWNTs) have diameters of

1–2 nm and lengths of up to several microns.19The exceptional

mechanical, thermal and electrical properties of SWNTs have

driven many studies in a whole range of research fields. The use

of SWNTs as fillers in polymer matrixes, predominantly aiming

for mechanical reinforcement or improvement of the nano-

composite electrical properties, has been widely exploited to

generate advanced high-performance materials and devices.20–29

However, very little work has been reported on incorporating
Soft Matter
such conductive SWNTs into optical materials based on

photonic crystal structures. Furthermore, the required dispersion

and partial aggregation of the nanotubes to form a conducting

network in a dilute medium (such as a polymer matrix) is non-

trivial, as the energetics of mixing will be different for each

polymer system.

The conductive polymeric opals reported here are comprised

of monodisperse core-shell polymer spheres surrounded by

SWNTs. Optically, these structures exhibit a strong iridescent

color, indicating that the highly ordered opaline structures are

not disrupted by the presence of the nanotube networks. Thermal

annealing is found to have a significant effect on the electrical

conductivity of thin-film samples, which is further analyzed using

impedance spectroscopy, electron microscopy of the composite

microstructure, and by studying the mechanical properties of

thin-films (Young’s modulus). DC conductivities of the order of

10�4 S cm�1 are achieved, with percolation thresholds of less than

0.4 wt% of SWNT. Our approach provides a distinctive route to

combine the attractive optical properties of opaline photonic

crystals with intrinsic electroactivity. These direct opal structures

have a number of attractive features, when compared to exam-

ples of conducting/semiconducting inverse opals,30,31 such as

inherent optical tunability due to viscoelasticity. Such function-

ality can potentially lead to the generation of high-performance

integrated nanodevices.
Experimental methods†

The production of SWNT-doped polymer opals is schematically

illustrated in Fig. 1b and a representative sample, as fabricated, is

shown in Fig. 1c. In order to incorporate SWNTs into the

interstices of 3D photonic crystal lattice, where the narrowest

distance between neighbouring core spheres is only several tens

of nanometres, the SWNTs and CIS polymer spheres must firstly

be prepared in a homogeneously dispersed state.25,26

For our experiments, SWNTs were purchased from Carbon

Solutions Inc., (P2-SWNT grade), with a carbonaceous quality

of >90% and typical lengths of order 100–1000 nm. An aqueous

dispersion of the SWNTs was prepared by using the anionic

surfactant sodium dodecylbenzenesulfonate (SDBS) as a stabi-

lizing agent. A stable dispersion of SWNTs was obtained via

ultrasonication, followed by subsequent centrifugation. Three

different sized CIS polymer spheres, with mean diameters of 220,

245, and 280 nm were used to fabricate SWNT-based polymer

opals. Using high-resolution hydrodynamic chromatography,

spheres were typically found to have a coefficient of variation

(ratio of standard deviation in diameter to the diameter itself) of

0.1 or better.18 The spheres, as synthesized by an emulsion

polymerization process, are colloidal dispersed in an aqueous

medium. These two kinds of dispersions were mixed in specific

ratios, so that the weight concentration of SWNT to polymer

spheres could be controlled in the range from 0.1 to 1.0 wt%. The

mixture did not produce any precipitates upon mixing and

formed a stable and homogeneous mixture. Next, the water was

removed from the mixtures by freeze-drying, in order to avoid

phase separation during the drying process. It was found that

removal of water by heating caused sedimentation of the SWNTs

and, as a result, the product was inhomogeneous. By employing

the freeze-drying method, homogeneous compounds without
This journal is ª The Royal Society of Chemistry 2012
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apparent phase separation have been obtained. The SWNT/

polymer sphere composites were then processed by rolling

(applying linear shear) and, subsequently, an edge-induced

rotational shearing process.

Details of these processes and the effectiveness for full 3D

ordering of CIS spheres are described in our recent report.14 Film

samples with thickness of approximately 100 mm were prepared

via this process. Further details are also given in the Supple-

mentary Information section of this paper.† The effect of thermal

annealing was studied by subsequently heating the sample films

at 140 �C in air for periods of up to 4 h. These annealing

procedures have a direct impact on both the morphological

and the conductive properties of the nanocomposite opals as

discussed in more detail in the following sections.
Results

Characterization; optical and morphological properties

Representative photographic images under white light of the as-

prepared films (Fig. 1d inset) show brilliant structural colors of

blue, green and red, for samples using 220, 245 and 280 nm

spheres, respectively. Reflection spectra (Fig. 1d) show intense

peaks centred at l ¼ 487, 544, and 646 nm respectively, which

correspond to the normal incidence resonant Bragg reflection.16

These reflection peaks are clearly indicative of the highly regular

ordering of the polymer opal structure having been retained,12,14

in spite of the doping with SWNT, due to their insertion into the

soft shells of the particles and the relatively low doping

concentration.

Microtomed cross-sections perpendicular to the film surface,

examined by transmission electron microscopy (TEM) and

scanning electron microscopy (SEM), yield insights into the

SWNT distribution inside the polymer opal structure and their

morphological organization. Cryo-microtoming of these

samples, to thicknesses of the same order as the sphere diameters,

inevitably results in some distortion of the opaline lattices;

however the presence of nanotube bundles in the interstices

between spheres can be qualitatively seen. Fig. 2 reveals well-

dispersed SWNTs incorporated inside the polymer opal structure

prior to (Fig. 2a,b) and after (Fig. 2c,d) samples are annealed at

140 �C for 1 h in air. Discreet bundles of SWNTs, which are the

result of the colloidal mixing and freeze drying processes, can be

observed in Fig. 2a. Since thin TEM cross-sections provide only

two-dimensional imaging, which gives limited information

regarding the SWNT organization inside the opaline matrix,

SEM examination provides an additional view of their

morphological organization. The inset in Fig. 2b reveals SWNTs

organized in a ‘‘snake’’-like geometry, with some conformity to

the contours of the PS spheres. A closer examination reveals

individual SWNTs preferentially located in the voids between the

adjacent PS spheres (Fig. 2d, inset). Therefore we conclude that

CNTs are indeed excluded from the PS cores and reside within

the PEA shell in the sphere interstices.

Annealing procedures have a direct impact on the conductive

properties of the nanocomposite opals. Electrical conductivities

of as-prepared samples before annealing were found to be fairly

low even at high SWNT concentrations, indicating that electrical

connection among SWNTs is initially limited after the assembly
This journal is ª The Royal Society of Chemistry 2012
process. From previous reports, we expect that the surfaces of the

dispersed SWNTs are fully covered by surfactant molecules,

which adsorb through hydrophobic and p–p interactions

between the dodecylbenzene group of SDBS and the graphenic

surface of SWNT.32Annealing at 140 �C was chosen because it is

(a) below the oxidation temperature of SWNTs, and (b) also

somewhat below the EIRS processing temperature (thus pre-

venting opal lattice reorganisation), yet (c) above the lowest

temperatures needed for modifying the dispersing surfactant

(�50 �C) which results from loss of water content from the

SDBS.33 Following the thermal annealing process, SWNTs

appear in TEM with higher image contrast (Fig. 2c,d), which is

also ascribed to these changes in the SDBS coating. The visible

emergence of SWNTs at the surface after heat treatment and the

apparent randomisation of the bundle orientation (cf. Fig. 2a,c)

are further indications of reorganisation/removal of SDBS in the

SWNTs nanocomposites. Current models of surfactant action

suggest their hydrophobic groups wrap and stabilize the nano-

tubes, while their hydrophilic groups decrease the surface tension

between adjacent CNTs and efficiently stabilise them.34–36 This

non-covalent surfactant adsorption is known to limit the flow of

electrons among nanotubes, resulting in poorer conductivity of

SWNTs. Annealing treatments at temperatures above the initial

modification point of the organic surfactant and lower than that

of SWNTs can overcome this intrinsic limit to conductivity.

Local reorganisation and/or removal of the organic groups

surrounding the nanotubes while retaining the integrity of the

SWNT bundles, thus decreases the contact resistance between

CNTs and consequently improves the conductive properties of

the whole film.37In previous work on CNT/polymer composites,

processes such as shear-alignment,38scission,39 and thermal

annealing40 have been reported to have a profound effect on the

morphologies of mixing and on nanotube connectivity, as

reflected in changes to the observed bulk electrical properties.

However, annealing of our samples at 140 �C did not cause any

destruction of the opaline structure (Fig.2) or the inferred SWNT

lengths, although it is found to have a very marked effect on the

conductive properties.

We do not have an independent confirmation of the exact

thicknesses of the surfactant layers, as deposited on the SWNTs.

However, as a first-order estimate, we expect that the thickness of

the adsorbed layer is of the order of the fully extended length of

the surfactant molecules. For most commonly used surfactants,

this thickness is 2–4 nm.41

For the more detailed studies of optical and electrical prop-

erties of thin-film samples with different SWNT concentrations

we focus in the remainder of this paper on green opals with

245 nm CIS spheres, with all subsequent annealing treatment

being carried out at 140 �C in air. Fig. 3 shows reflectance spectra

of the as-prepared films with different SWNT concentrations. All

the samples show sharp peaks in reflectance (Fig. 3a), indicating

the excellent ordering of spheres, even with higher concentrations

of SWNT. The color of the sample films becomes darker with

higher concentration of SWNT (Fig. 3a inset) due to the SWNT

absorption, but the green color can be clearly identified for each

composition. Strong absorption by SWNTs reduces reflection

peak amplitudes and the peaks also show a red-shift with

increasing SWNT concentration. This latter effect is a conse-

quence of photonic band-gaps and standing waves. On the red
Soft Matter
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Fig. 2 (a) and (b) show TEM and SEM images respectively of an unannealed green opal film with 1%wt SWNT. (c) and (d) show corresponding TEM

and SEM images of the sample after annealing at 140 �C for 1 h. The scale-bars have lengths corresponding to 250 nm (inset 250 nm) in (a), 1000 nm

(inset 500 nm) in (b), 500 nm (inset 250 nm) in (c), and 1000 nm (inset 500 nm) in (d).
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(low energy) side of the Bragg resonance the light is located

within the high refractive index cores, while on the blue side the

light is in the low refractive index surroundings where the

SWNTs are located. Increasing the absorption in the low n

medium attenuates the blue side of the resonances, which effec-

tively shifts the resonance towards the red. According to theory,

the maximum red shift due to this effect is one half-linewidth,7

which is what is observed. Reflectance spectra (Fig. 3b) show

a slight reduction in amplitude with annealing, but the peak

width does not change. Additionally, the peak position shifts

slightly to shorter wavelengths during annealing, indicating that

a small relaxation of the processing-induced strain in the CIS

sphere array takes place. However, the structural colour features

are maintained, and the regular 3D ordering of spheres is

demonstrably preserved.
Electrical impedance spectroscopy

In order to gain a more complete understanding of the physical

properties of our SWNT/polymer-opal composites, and of issues

such as the continuity and morphology of the nanotube

network,27 electrical impedance spectroscopy measurements
Soft Matter
were performed on a series of thin-film samples, under different

preparation and annealing conditions.

The frequency dependence of the conductivity, s, and real-part

of the dielectric constant, 3r, for samples with different SWNT

densities, r, in units of percentage by weight is shown in Fig. 4.

The thicknesses and planar areas of all samples are measured to

allow the raw conductivity and capacitance data to be converted

into intensive units. At low values of r, the samples show s <

10�10 S cm�1 (below our detection limits) at low frequency

(Fig.4a) and 3r � 3, which is independent of frequency (Fig.4b).

This is what would be expected for a non-conducting dielectric

layer. The conductivity of samples after annealing at 140 �C for

1 h is seen (in Fig.4a,c) to significantly increase for all values of r,

by up to three orders of magnitude. After annealing, spectra now

have a measurable DC conductivity, with values in the range of

10�5 to 10�4 S cm�1. There is also a change (Fig.4b,d) in the

functional form of 3r(u); in the annealed samples, there is

a distinct plateau in the spectrum at low frequency, which is

characteristic of the behavior of parallel circuits with conductive

and capacitive components.40,42 Of further interest is the

apparent lack of dependence on the processing conditions, i.e.

whether or not samples had been edge-sheared to produce higher
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a) Reflection spectra of as-prepared samples with different

SWNT concentrations. Inset: photographs of the samples. (b) Change of

reflection spectra with annealing at 140 �C.
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opaline ordering. This suggests that there is no scission effect or

preferential directionality of the nanotube network in the shear

process.

To undertake more detailed analysis, the frequency depen-

dence of real and imaginary impedance (Z0 and Z00) are extracted
to give information about the cross-over from non-conductive to

conductive behavior below a cut-off frequency, f0. Using

impedance spectroscopy measurements different length scales

within the sample can be probed as the modulation frequency is

varied. The characteristic length scale of the conductive network

is associated with the effective distance between junctions in the

SWNT networks; this length is probed when it is comparable

with the AC modulation period, thus allowing charges to travel

from one junction to another along the SWNT bundles. At

frequencies f < f0, the charge carriers percolate over larger

distances, becoming comparable to the scale of the entire nano-

tube network in the low frequency limit, where the impedance is

then equivalent to the DC resistance of the network. For f > f0,

the carriers percolate over a shorter distance within each AC

cycle, with carriers only tending to move within bundles. A

transition from long-range transport to localized carrier

confinement is characterized by a cut-off frequency in Z0, and is

also correlated with a maximum in Z00. In Fig. 5a, Z0(u) and
Z0 0(u) are shown for a representative sample, annealed for 1 h at

140 �C, illustrating how f0 values can be clearly extracted from

the data. In Table 1, f0 values are tabulated as a function of the
This journal is ª The Royal Society of Chemistry 2012
length of time of annealing, at a fixed temperature. The clear

trend shows f0 shifting to higher frequencies as the annealing time

is increased, whilst the unannealed samples show no clear cross-

over to conducting behavior. As r increases, f0 also clearly shifts

to higher frequencies, and the real impedance correspondingly

decreases. This is consistent with the increased levels of

connectivity between nanotubes and changes to the effective

lengths between junctions, in addition to the issues of contact

resistance, as already discussed.

To gain a better insight into the microscopic electronic trans-

port, the correlation between the SWNT density, r, and the

conductive properties are analyzed in more detail. In Fig. 6a, the

variation of the extrapolated DC conductivity, sdc, with r is

shown for samples prepared with various annealing times. There

is a clear contrast between unannealed samples, where there is

relatively weak variation in sdc with increasing r, and annealed

samples, where a critical behavior is seen and the conductivity

increases by many orders of magnitude above a certain density

threshold, r0. To better quantify this critical threshold, the data is

fit to a generic sigmoidal function,

sdcðrÞ ¼ Aþ

2
64 B

1þ exp
�r� r0

C

�
3
75 (2)

The resultant values of r0 were 0.84(�0.24) wt% for the unan-

nealed sample, 0.39(�0.01) wt% for 1 h anneal, 0.38(�0.02) wt%

for 2 h and 0.39(�0.02) wt% for 4 h. Hence, we conclude that the

annealed SWNT networks have similar critical densities of

�0.39wt%. Whilst these values are lower than many reported for

CNT/soft-polymer composites, we note that in our system the

nanotubes are excluded from the rigid polystyrene cores and

reside within the PEA shell material in the interstices (see

Fig. 2a,b). Hence the local density of SWNTs is approximately

twice as high in this shell material as in the bulk sample as awhole.

As described in an earlier section, the peak reflectivities of

samples decrease, as the doping fraction of SWNTs increases.

This clearly presents a trade-off between samples having high

conductivity or high reflectivity. However, we emphasize that at

the percolation threshold of r0 z 0.4%, samples still exhibit

a marked structural colour, with the subjective appearance being

particularly vivid (Fig. 3a), as much of the background scattering

is absent as compared to undoped samples. In the future, we

anticipate that subsequent optimization of processing parame-

ters will enable us to further reduce r0 towards lower values, thus

also enabling very high reflectivity from conductive samples.

Above r0, the variation in conductivity is expected to follow

a power-scaling law:

s(r) ¼ A(r � r0)
b, (3)

where A is constant and the exponent b relates to the dimen-

sionality of charge transport. A value of b z 1.3 is expected for

uniform two-dimensional transport and b z 1.9 for a three-

dimensional case.43,44 In Fig. 6b, fitting of the available data

points for the samples annealed for 1, 2 and 4 h is shown,

together with inferred b values. Whilst the low number of data

points implies a 10% error in b, the data suggests that transport is

not perfectly isotropic in 3-D, but is intermediate between 2- and

3-dimensionalities. Physically, this is likely to be because the
Soft Matter
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Fig. 4 Impedance spectroscopy data for films of SWNT/green polymer-opal composites, converted to conductivity and real part of the dielectric

constant. In (a, b) the data for unannealed samples is shown, for different SWNT percentage by weight, as indicated. Solid lines represent samples which

had been edge-sheared (opal-ordered) prior to measurement and dashed lines those which had not. Equivalent data is shown in (c, d) for samples which

had been annealed at 140 �C for 1 h.
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SWNT bundles are not randomly distributed in the bulk matrix,

but must instead conform to the lattice geometry of the opal

environment, hence residing in the interstices between spheres.

For a microscopic model of the electronic transport, a detailed

analysis of the impedance properties of the composite samples

considers the resistive and capacitive components of the network,

in terms of bundles of SWNTs and of the junctions formed

between them. For consistency edge-processed thin-film samples

with similar thicknesses of �100mm are used throughout the

following analysis. Firstly, using a single Voigt element model

(resistance R and capacitance C in parallel), we attempt to fit the

impedance data, |Z|, to the standard expressions for Z0(u,R,C)

and Z00(u,R,C), i.e.

Z
0 ¼ Re ðZÞ ¼ R

1þ u2R2C2
(4)

Z00 ¼ Im ðZÞ ¼ uR2C

1þ u2R2C2
; (5)

where |Z|2 ¼ (Z0)2 + (Z0 0)2. The product RC is the relaxation time,

s, of the circuit and the cut-off frequency, f0¼ 1/s. An example of

such a fit is shown in Fig. 5a. Typically we find that the peak in

the Z0 0 spectrum is considerably broader than that predicted by

this model, together with a broader transition from the non-

conducting to conducting regime at f0 in the Z0 data. These

differences indicate that the system has a much wider range of

circuit relaxation times than for a simple single RC model. The
Soft Matter
physical interpretation of this is that the SWNT network has

a distribution of different circuit elements and conductive path-

ways, which contribute to the overall resistance and capacitance

of the film. In order to describe such a system quantitatively, and

to develop a more general treatment of the R and C components

of the system, we adopt the approach of Kirkwood and

Fuoss,42,45 where Z00(u) is fit using a hyperbolic-secant function.

The standard Debye model has a functional form

Z0 0/Z0 0
max ¼ sech x, (6)

where x ¼ log (u/u0) ¼ �log(f0/f). In the modified situation

presented here,

Z0 0/Z0 0
max ¼ sech ax, (7)

where the parameter a is a measure of the broadness of the

relaxation time distribution, where lower a implies a broader

distribution about the mean relaxation time. In Fig. 5b, such

fitting is applied to the data for the samples annealed for 1 h, with

r values ranging from 0.5 to 1.0 wt%. We find that eqn (7) gives

excellent fits to the data, with evidence of a broadening distri-

bution of relaxation times with increasing r.

For samples with extended annealing times of 2–4 h, a distinct

bimodal distribution in relaxation times becomes evident, as seen

more clearly by plotting Z0 0(u) on a log scale (Fig.5c). Whilst the

reduction in the overall film resistance with annealing causes f0 to
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 (a) Frequency dependence of real and imaginary parts of

impedance, for green opal sample with 1 wt% SWNT, annealed at 140 �C
for 1 h. Fitting curves are shown (dashed) for both Z0 and Z0 0, based on

a single Voigt element model (inset). This global fitting gives R¼ 13.0 kU

and C ¼ 3.24 � 10�10 F, hence a cut-off frequency �250 kHz. (b) Fitting

of data using eqn (7) for samples annealed for 1 h. SWNT wt%

concentrations as indicated and fits fromwhich the parameter a is derived

are shown as dashed lines. All the plots are re-normalised to have

a common origin, based on the f0 values reported in Table 1. (c) Imagi-

nary Z(u) on a log scale for a 0.75 wt% SWNT film, for different

annealing times, as indicated. The locus (dashed line) shows the change in

the position of the principal cut-off frequency (f0) with increasing anneal

time. A second peak at higher frequency peak (low relaxation times)

becomes clear after annealing for >2 h.

Fig. 6 (a) DC conductivity (log scale) as a function of SWNT density, in

units of percentage weight. The graph shows data points for both

unannealed and annealed green opal samples, as indicated. Lines of best

fit to eqn (1) are also shown. (b) Using a log-log scale, DC conductivity is

plotted against the parameter r�r0 (SWNT density minus the critical

densities derived from (a)), for different annealing times. The lines of best

fit are derived from eqn (2), giving the values of co-efficient b, as indi-

cated. Annealing temperature was 140 �C in all cases.
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shift to higher frequencies, a second peak at even higher

frequency (lower relaxation times) appears. For this data, a more

appropriate bimodal fitting function is the sum of two sech

functions:

Z00/Z0 0
max ¼ A sech a1x + B sech a2(x � c), (8)

where a and x have the same meaning as previously, A and

B are empirical constants, and c is a frequency offset, with
Table 1 Key parameters extracted from impedance spectroscopy models fo
times. The mean values of resistances R1,2 and capacitances C1,2 are based on a
cut-off frequency associated with the secondary peak in the distribution at lo

SWNT wt (%) Annealing time (hr) f0 (kHz) f0
0(kHz) Z (f

0.5 1 7.73 — 442
0.5 2 42.3 686 58
0.5 4 98.3 1154 35
0.75 1 42.0 593 60
0.75 2 70.8 2754 14
0.75 4 225 5651 7
1.0 1 236 — 13
1.0 2 364 10259 3
1.0 4 669 15325 2

This journal is ª The Royal Society of Chemistry 2012
c ¼ log f0 � log f0
0, where f0 and f0

0 are the cut-off frequencies

associated with the primary and secondary (high frequency)

peaks respectively. In Fig. 7 the data for Z00(u) is fit to eqn (8) for

a range of different r and annealing times. In contrast to the

simpler model, good fits are now achieved for the samples with

2 h and 4 h anneal times. The fitted values of f0 and c can be used
r green opal samples with varying SWNT weight fraction and annealing
bimodal distribution of relaxation times, as described in eqn (8); f0

0 is the
w relaxation times

¼ 0) R1 (ohms) R2 (ohms) C1 (F) C2 (F)

000 431150 10850 3.00 � 10�10 —
200 57200 1000 4.13 � 10�10 1.45 � 10�9

700 35095 605 2.9 � 10�10 1.43 � 10�9

900 59704 1196 3.99 � 10�10 1.41 � 10�9

600 14433 167 9.79 � 10�10 2.17 � 10�9

030 6957 73 6.39 � 10�10 2.42 � 10�9

350 13053 297 3.24 � 10�10 —
710 3652 58 7.52 � 10�10 1.68 � 10�9

650 2614 36 5.72 � 10�10 1.81 � 10�9

Soft Matter
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to extract further information about the circuit elements in these

thin-film samples, such as R1,2 and C1,2 which are the mean

resistance and capacitance values associated with the bimodal

peaks in Z00(u). Based on these definitions, the principal cut-off

frequency, f0 ¼ 1/(R1C1), and the DC resistance, Z(u ¼ 0) ¼
R1 + R2, thus allowing R2 to be calculated. Finally, C2 can be

derived using the secondary cut-off frequency, f0
0 ¼ 1/(R2C2). All

the extracted f0, f0
0, R and C values are given in Table 1. The
Fig. 7 Plots of imaginary Z versus log (f/f0) for samples with (a) 1.0%, (b)

0.75% and (c) 0.5%wt SWNT, annealing times are as indicated. The

dashed lines show fitting of the data to the model described in eqn (8).

Soft Matter
extracted values of R1,2 and C1,2 are plotted as a function of

annealing time, for r values of 0.5, 0.75 and 1.0 wt% (Fig.8).

Since the precision of these fitted mean values is limited to an

error of order 10%, only broad conclusions can be drawn. The

mean resistances (Fig.8a) show that R1 decreases markedly with

annealing time (consistent with the raw data). The resistance

components from the secondary distribution of relaxation times

(R2) are lower in comparison to R1, typically 2 orders of

magnitude lower. By contrast, the values of capacitance corre-

sponding to C1 and C2 (Fig.8c) are similar in value and show no

clear evidence of any systematic trend with increasing annealing

time. Of additional importance, the measured DC capacitances

of samples prior to annealing were all in the range of 10�10 to 10�9

F, as is broadly consistent with the values in Table 1. Further-

more, the real-part of the dielectric constant (3r) of samples

generally has a similar magnitude before and after annealing

(Fig. 4b, d).

We expect that any drastic changes in the ordering or

morphology of CNTs during annealing would have had

a significant and measureable effect on 3r.

It is clear that the two relevant contributions to conductivity

are, firstly, the formation of the percolating network and

network topology and, secondly, the resistance between touching

CNTs. Initially, the unannealed samples predominantly exhibit

SWNT bundling, due to the colloidal mixing and freeze drying
Fig. 8 Mean values of resistancesR1 andR2 and capacitancesC1 andC2,

based on a bimodal distribution of relaxation times, as described in eqn

(8). Data is shown as a function of annealing time, and SWNT concen-

trations are as indicated.

This journal is ª The Royal Society of Chemistry 2012
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processes. Two possible origins for resistance changes with

annealing are identified; limited changes in the SWNT network

topology due to the stabilizing effect of the surfactant being

reduced (since reconfiguration is prevented by the rigid spheres,

as confirmed by the TEM images), and changes in the contact

resistances (most likely induced by thermal desorption of water

from the surfactant layer, changing its surface conformation and

thus the contact between SWNTs). During the initial stage of

annealing, SWNTs can locally relax their bending strain in the

now lower viscosity matrix which brings them more strongly into

contact with each other (while remaining pinned by the rigid

sphere cores); further studies are in progress to fully characterize

and understand these relaxation mechanisms. The inter-tube (or

inter-bundle) contact resistance is a very sensitive function of the

physical tunnelling barrier between nanotubes.46 As annealing

continues, changes in the SDBS configuration on the surface

reduce the contact resistance between SWNTs, as directly seen in

the drop of R1 with annealing time. However R2 also drops as

different parts of the SWNT network now regain electrical

contact, reducing the average conducting SWNT chain lengths.

In previous reports, Garrett et al.,44 modelled a SWNT-mat as

a system of nanotube bundles and junctions in series, where the

resistances and capacitances of these two distinct components

could be analytically resolved. What is new here is the clearly

observed separation into two distinct relaxation times in the

SWNT opal impedance spectra. Whilst our SWNT-doped opals

present a system of greater morphological complexity than in44

they show a similar qualitative behaviour; the short relaxation

time (low resistance) component emerging in impedance spec-

troscopy for >1 h annealing arises from shorter conducting

SWNT lengths as multiply-connected sections rejoin the network

when their junctions become conducting. The relatively constant

capacitative contributions with increased annealing are also

consistent with the apparent lack of any progressive morpho-

logical changes.

This suggests that assembly of SWNTs into heterogeneous

polymer composites (such as these opals) can successfully

proceed through solution assembly and any required processing,

followed by local strain relaxation and electrical reconnection

through controlled annealing. The use of opaline polymer

composites acts also as a spectral indicator of local sub-micron

morphologies during the SWNT processing, providing infor-

mation that is extremely hard to access from other techniques

(such as EM). Here, it confirms that large-scale network reor-

ganisation (prevented in our topology by the locked sphere

lattice) is not needed. It also allows the materials processing to be

optimised for both electronic and optical functionality.
Fig. 9 Stress vs. strain plots for thin-film opal samples with SWNT

loadings of (a) 0.1% and (b) 0.5% by weight. The annealing cycles (at

140 �C) of each sample are as indicated. Young’s modulus is extracted

from linear fits to the low strain limit.
Mechanical properties (Young’s modulus)

As a further complementary insight into the microscopic effects

of the sample annealing process, and the mechanisms by which

this influences conductivity, thin-film samples (as prepared) were

characterized using stress/strain measurements to determine the

elastic Young’s modulus (see Fig. 9). A full description of the

experimental method is given in the Supporting Information.†

A summary of the elasticity data, which was all measured

in the low-strain limit well below the yield-point, is shown in

Table 2. As expected, the samples with higher SWNT content are
This journal is ª The Royal Society of Chemistry 2012
consistently measured to be more rigid than those with lower

content (although only by a factor of around 2, when increasing

the loading 5-fold from 0.1 to 0.5%wt SWNT). In all samples the

measured modulus drops by around 50% on the initial 1 h

annealing, indicating a softening. With increased annealing the

composites then partially re-harden, but only by around 10% for

the higher loaded sample. These measurements suggest that the

SWNT network may indeed undergo a limited re-arrangement

with annealing, particularly in the early stages up to 1 h, but not

greatly afterwards. This provides further evidence that it is

the contacts between SWNTs which change on annealing, in

agreement with our earlier analysis of the impedance data.

In summary, whilst nanotube reptation in such a soft-matter

composite may be possible,47 we see no strong evidence for it in

these experiments. Hence, we do not believe it plays a critical role

in the increasing conductivity of samples with annealing.
Soft Matter
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Table 2 Young’s modulus values (in units of MPa) for representative
thin-film samples of different SWNT loading fraction and annealing time,
as indicated. All samples were tested along the direction normal to the
shear processing direction which controls the opaline self-assembly

wt%
SWNT Unannealed 1 h Anneal 4 h Anneal

0.1 1.93 � 0.04 0.81 � 0.01 1.24 � 0.01
0.5 2.46 � 0.02 1.60 � 0.02 1.78 � 0.01
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Conclusions

Electrically conductive 3D photonic crystals, based on nano-

composites of SWNTs and polymeric opals, are demonstrated.

These structures exhibit a strong iridescent color, indicating that

the highly ordered opaline structures are not disrupted by the

presence of the SWNT networks. Thermal annealing is found to

cause a very significant improvement of the electrical conduc-

tivity of thin-film samples for SWNT loadings of over �0.5 wt%.

Our studies, using a combination of impedance spectroscopy and

mechanical stress/strain characterization, suggest this is due to

both improved nanotube network connectivity and also

a lowering of the resistive component associated with inter-tube

junctions. DC conductivities of the order of 10�4 S cm�1 are

achieved, with percolation thresholds of less than 0.4 wt% of

SWNT. We anticipate that further optimization of processing

parameters, such as those of the sample annealing, will enable us

to reach yet higher conductivities, making further practical

applications feasible.

Our approach provides a distinctive route to combine the

attractive optical and mechanical properties of polymeric

opals48–50 with intrinsic electro- and opto-electronic activity.

Such advanced functionality can potentially lead to diverse

applications, such as LEDs and electrically pumped photonic-

crystal-feedback lasers (with inherent stretch tunability), electro-

chromic filters, optical sensors exploiting electrostriction

effects,51 or as components in light-harvesting and solar cell

devices.
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