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ransparent conductors (TCs) are one

of the most widely used essential

electronic materials since 1907 with
the first introduction of cadmium oxides.!
Currently, metal oxides, such as indium tin
oxide (ITO), are the TC material of choice
with excellent TC performance, which can
be evaluated by traditional TC figure of
merit, TCFM = o/a, where o is electrical
conductivity and « is the visible absorption
coefficient.? The rapid growth of TC applica-
tions, however, requires not only high trans-
parency and electrical conductivity but
also mechanical flexibility, toughness, prop-
erty tunability, environmental stability un-
der different conditions, and low processing
cost. New generation electronics® exempli-
fied by bendable displays, solar cells, and
large-area pressure detectors as well as
some more exotic applications,* including
hemispherical cameras, tunable contact
lenses, camouflage skins, wearable touch
screens, and many others will further re-
quire a complex combination of physical
properties, among which the central ones
are electrical, mechanical, and gas perme-
ation properties. Low temperature and non-
vacuum processing also becomes signifi-
cant lately from the perspective of energy
expenditures. Rigid films of conventional
glass-like metallic oxides have difficulties
satisfying these requirements. Additionally,
the cost of indium soared recently due to its
relative rareness combined with great in-
crease in demand.® Thus, further develop-
ment of a number of technologies critical
for finding a solution for energy problems,
such as flexible solar cells, is impeded due
to unfavorable cost projections strongly af-
fected by the cost of ITO. The search for ITO
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ABSTRACT New transparent conductors (TCs) capable of replacing traditional indium tin oxide (IT0) are
much needed for displays, sensors, solar cells, smart energy-saving windows, and flexible electronics. Technical
requirements of TCs include not only high electrical conductivity and transparency but also environmental stability
and mechanical property which are often overlooked in the research environment. Single-walled carbon nanotube
(SWNT) coatings have been suggested as alternative TC materials but typically lack sufficient wear resistance
compared to ITO. Balancing conductance, transparency, durability, and flexibility is a formidable challenge, which
leads us to the introduction of a new TC figure of merit, Il;, incorporating all these qualities. Maximization of
Iy to that of ITO or better can be suggested as an initial research goal. Fine tuning of SWNT layer-by-layer (LBL)
polymeric nanocomposite structures makes possible integration of all the necessary properties. The produced TC
demonstrated resistivity of 86 2/sq with 80.2% optical transmittance combined with tensile modulus, strength,
and toughness of the film of 12.3 + 3.4 GPa, 218 = 13 MPa, and 8 =+ 1.7 J/g, respectively. A new transparent
capping layer to conserve these properties in the hostile environment with matching or better strength,
toughness, and transparency parameters was also demonstrated. Due to application demands, bending
performance of TC made by LBL was of special interest and exceeded that of ITO by at least 100 times. Cumulative
figure of merit I1;c for the produced coatings was 0.15 £, whereas the conventional ITO showed IT;c < 0.07
Q™. With overall electrical and optical performance comparable to ITO and exceptional mechanical properties,
the described coatings can provide an excellent alternative to ITO or other nanowire- and nanotube-based TC
specifically in flexible electronics, displays, and sensors.
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replacements with potentially improved
mechanical properties to accommodate
highly flexible substrates becomes urgent
with high priority.

Single-walled carbon nanotube (SWNT)
coatings have been introduced to fill the
technological gaps of oxide-based conven-
tional TCs.57 Superior physicochemical
properties of individual SWNTSs, and particu-
larly high electrical conductivity estimated
at 10*—10° S/cm,® % make them promising
candidates for TCs. For comparison, the
electrical conductivity of the state-of-the-
art ITO is around 9 X 10° S/cm."
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The challenge of using carbon nanotubes in TC applica-
tions, however, is their strong light absorption, and
thus, transparency must be achieved by nanoscale
thickness of the coating. Nanotube-based TCs can be
described as 2D networks of SWNTs which provide both
electrical charge carriers and percolating conduction
routes.'>'3 Due to thinness of SWNT films necessary for
TCs, the processing methods with nanoscale structure
control of the coating are exceptionally important. They
determine, to a large extent, the degree of nanotube
exfoliation and “connectedness”,'* which, in turn, sets
the heights of tunneling barriers for charge carrier
transfer between the individual tubes.’ All of these
structural parameters affect both ¢ and «. Efforts have
been directed on forming SWNT-only structures mostly
by solution processing techniques such as spraying,'®'”
spin-coating,'® electrophoretic deposition,’® and
filtration.>* Direct synthesis of SWNTSs for transparent
electronics?'?? and dry spinning transparent sheet from
multiwalled carbon nanotube (MWNT) forests?* were
also demonstrated as nonsolvent techniques.

Strong light absorption of nanotubes imposes sig-
nificant restrictions on the thickness of coatings and si-
multaneously increases the requirements for their me-
chanical properties. The individual SWNTs do possess
superb mechanical properties; E ~ 1 TPa and oy ~ 63
GPa.** They can also undergo very high plastic deforma-
tion under stress.”> However, translation of these prop-
erties observed for an individual nanotube should not
be automatically assumed for macroscopic SWNT TCs.
In fact, most of SWNT TCs described above are not du-
rable enough and their conductivity quickly deterio-
rates even under mild wear conditions. As such, the
strength of bucky papers, the most common SWNT-
only sheets by filtration, whose structure is very similar
to many TC coatings made from nanotubes, is quite low
(i.e. oy ~ 10—74 MPa). Also important is that these
SWNT mats are brittle rather than flexible, displaying
values of strain to failure not exceeding 0.5—5%.2%%’
Overall, one can see that the mechanical properties of
ITO alternatives from SWNTSs are insufficiently character-
ized. Finding a method of SWNT TCs that could display
high values of TCFM, strength, resistance to wear, and
flexibility simultaneously is critical for practical realiza-
tion of roll-to-roll solar cells and flexible electronics for
which SWNT TCs are projected.

The art of combining mechanical, optical, and elec-
trical properties lies in the accurate control of the nano-
scale structure of a coating. For instance, the improve-
ment of diverse mechanical characteristics of TCs
requires inclusion of adhesive polymer in the structure
of a film. However, a mechanically advantageous adhe-
sive always jeopardizes high o values and versatile
properties of SWNT networks. Thus, any compositional
reinforcement only accentuates the importance of fine
structural tuning. Previously, we presented layer-by-
layer assembly (LBL) of SWNTs as a method for TC appli-
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cations with integrated strength and conductivities.'
LBL is one of a few thin-film deposition techniques that
allow one to control the structure of the coatings with
actual nanometer scale precision, which includes both
normal® and lateral®® packing of the nanoscale building
blocks in the coatings. Consequently, LBL presents ex-
ceptional possibilities to satisfy seemingly impossible to
combine multiple requirements including transpar-
ency, charge transport, environmental resilience, bend-
ing strain, and wear resistance.

In this communication, we seek to accomplish two
goals: (1) to draw attention to the importance of cumu-
lative evaluation of the performance of any promising
TC coating, and (2) to demonstrate the possibility of
reaching an extended set of specifications for TC aimed
at flexible electronics and superior to ITO and other ma-
terials. Along these lines, we propose replacing the tra-
ditional figure of merit for TC evaluation with a new one
which incorporates measure of mechanical perfor-
mances. It is important to note that mathematical ex-
pressions combining different parameters in the figure
of merit may vary, but the idea of obtaining a cumula-
tive numerical value including mechanical properties is
essential.

To demonstrate technical feasibility of a new gen-
eration TC designed for flexible electronic devices, we
report advanced SWNT LBL coatings and apply the new
figure of merit for their comparison. In terms of tradi-
tional electrical and optical performance parameters,
they display 80.2 = 0.1% in light transmittance (T at A
= 550 nm) and 86 = 1 QU/sq (or )/0) in surface resis-
tivity (R), which match or even exceed those obtained
for analogous SWNT TCs reported so far.'62230732 Tensile
modulus, strength, and toughness of the film were
evaluated to be 12.3 = 3.4 GPa, 218 = 13 MPa, and 8
* 1.7 J/g, respectively, which is likely to exceed most
current SWNT- and NW-based TC alternatives. Due to
importance of flexibility, we were particularly interested
in their bending performance. Compared to ITO and
bucky-paper-type TCs, it was particularly remarkable to
observe the improvement of the maximum bending
strain before electrical failure by 100 times. Addition-
ally, the manufacturing technique used here makes it
possible to add a long lasting protective capping layer
against dedoping and damaging by environmental fac-
tors with matching or better mechanical properties.
The capping layer is formed without sacrificing their
original optical transparency and conductivity. Al-
though, refinement of the structure is still needed to ex-
ceed the performance of ITO, the current coatings can
be used for ITO replacement in ionic reactive environ-
ments as well as smart windows, flexible displays, solar
cells, and other comparable devices.

RESULTS AND DISCUSSION
Preparation and Structure. The selection of SWNTSs poses
practical importance on creating high-performance TCs
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because their intrinsic properties critically depend on
their manufacturers. The level of defect structure and
chiral composition of original nanotubes strongly influ-
ence the TC performances. Hence information regard-
ing the choice of SWNT source and subsequent method
of their processing is quite relevant for this discussion.
SWNTs made by high-pressure CO conversion (HiPCO)
process have been widely tested by well-established ex-
perimental procedures. On the other hand it is re-
ported that, SWNTs by electrical arc discharge (EA) pro-
duction showed higher performance in TC
applications.?>3 Thus, we compared two different
SWNTs in the experiments: HiPCO nanotubes from Car-
bon Nanotechnologies Incorporated (CNI, now Un-
idym) and EA SWNTs from Carbon Solution Co. (C-Sol,
P-2). The property differences of two SWNTSs originate
from inherent structural variations during their synthe-
sis including distribution of diameters, chiralities,
lengths, graphitization, and electronic types. In addi-
tion, functional dopants and remnant impurities as high
as 10% of SWNT contents during their purification pro-
cess spread their dissimilarities. Among these, the aver-
age lengths of two types of SWNTSs are remarkable.
From our microscopy observations, C-Sol SWNTs were
even several times longer than those from CNIs. Disper-
sion behavior with stabilizers and resulting optical
properties were also quite different for SWNTSs from
CNI and C-Sol.

One advantage of LBL assemblies over conven-
tional solution casting is conserving the dispersion
quality of nanobuilding blocks from a solution to a
solid state. Once we prepare exfoliated SWNT disper-
sions, multifunctional properties can be transferred and
tailored to a macroscale film by LBL assemblies with
precision.'® Thus, the selection of stabilizers, either poly-
electrolytes or surfactants, determines the effective-
ness of SWNT'’s nanoscale structural organization and
the ability to reach the desirable properties with respect
to conductivity, transparency, and strength. Under-
standing the roles of stabilizers in SWNT TC applica-
tions is still fairly poor because stabilizers were simply
considered to be impurities hampering free movement
of charge carriers in percolation-type conduction
routes. Thus, previous efforts have been focused on re-
moving residual stabilizers in SWNT networks by rins-
ing,® heating,®3? and chemical treatment.'®3° Certainly,
this removal of stabilizers was believed to be appropri-
ate stream in TC research until the multifunctional prop-
erties, including mechanical durability, flexibility, and
even stretchability, are emerged as critical factors in
wide ranges of the next generation of TC applications.
Thus, we correlated the TC performances and the role of
stabilizers during the molecular LBL assemblies, which
can both improve and degrade TC performance and re-
lated figures of merit. The roles of the stabilizers in-
clude increasing SWNT's solvation in water by shield-
ing hydrophobic side walls of SWNTs, preserving
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graphitization of nanotubes which affect electronic
band structures, helping in situ doping effectiveness,
and improving mechanical and environmental durabil-
ity. In addition, these stabilizers also serve as molecular
binders that make the surface smooth and significantly
reduce micropores causing deteriorative light scatter-
ing in SWNT TC coatings. On the other hand, a very thick
film of the stabilizer will render electrical transport im-
possible and hence all the other improvements
irrelevant.

Optical Properties. Let us consider CNI dispersions first.
Both poly(sodium 4-styrene sulfonate) (PSS) and so-
dium dodecyl sulfate (SDS) are effective stabilizers of
SWNT dispersions (Figure 1A). UV—vis absorbance spec-
tra of SWNT dispersions with these stabilizers showed
van Hove singularity peaks indicative of a high degree
of nanotube exfoliation. Comparing peaks’ positions
and shapes in the spectra, the SWNTs by PSS (CNI/PSS)
showed sharper and more blue-shifted peaks than the
ones dispersed by SDS (CNI/SDS). Similarly, it is per-
ceived that high molecular weight PSS (1 M) produced
slightly better exfoliation than lower molecular PSS (200
K) (Figure 1B).

The degree of exfoliation in a thin film coating and
that in solution is expected to go in parallel because
the dispersion qualities are conserved by LBL assem-
bly. Indeed, substantial difference of the SWNT bundle
sizes for two stabilizers was noticed in the LBL films (Fig-
ure 2A,B). SDS (CNI/SDS) produced 2—5 times larger
SWNT bundles in diameter than PSS did. The diam-
eters estimated from the SEM images were less than
10 nm and around 10—50 nm for PSS and SDS samples,
respectively. Furthermore, the bundle sizes influence
the light transmittance (T, /100 = 10~°) patterns dur-
ing LBL assemblies. The transmittances, measured at A
= 550 nm, of 10 bilayered LBL films were T = 95 = 0.5%
for less bundled CNI/PSS versus T = 83 %+ 0.5% for more
bundled CNI/SDS. Greater degree of bundling causes
coupling of SWNT—SWNT electronic states, leading to
stronger adsorption in the visible range'>'*'* for disper-
sions and composites.

Now let us analyze UV—vis absorbance spectra of
C-Sol SWNT dispersions, which showed both similari-
ties and differences with those from CNI. C-Sol SWNT
dispersions did not show van Hove singularities (Fig-
ure 1B), which may be indicative of thicker bundling as
well as inherent structural differences. These bundling
effects are confirmed in the SEM images (Figure 2C,D).
Their bundles are around 10—20 and 10—60 nm for C-
Sol/PSS and C-Sol/SDS, respectively. Exfoliation of
longer C-Sol nanotubes is not efficient as the shorter
CNI nanotubes most likely due to substantially stron-
ger cooperative hydrophobic and m-system interac-
tions. However, the trend of stabilizer effectiveness for
C-Sol SWNTs is still the same as for CNI SWNTSs. The light
transmittances at A = 550 nm of LBL coatings made af-
ter 10 deposition cycles with PSS and SDS were found

\NIC
VOL. 4 = NO.7 = 3725-3734 = 2010 ”@@%{¥)

3727



A

CSolf CSolf C-Solf CNI/ CNI/ CNI/
PSS(1M) PS5(200k)  SDS SDS  PS5(200k) PSS{(1IM}

C — As-prepared LBL
- — LBL + 95% acid
> —— LBL+ 120% acid
<
®
b4
£
&
£
o
g
£
<

350 550 3 (nm) 750 950

B ——CNI/PSS{1M}
5 ——CNI/PS5{200K)
< ——CNI/SDS
*3' —C-Sol/PSs
£ —C-Sol/sDs
£
(=]

(7]
K]
<<
350 550 3 (nm) 750 950
D 35
30

E 25

=
2 20
@

£ 15

&

= 10 I

= . 120% acid

0 treatment
0 5 10

No. of layers

Figure 1. (A) Photographs of dispersions of C-Sol and CNI SWNTs with PSS (1 M, 200 K) and SDS stabilization used in the
experiments. (B) UV—vis spectra of solutions in A. (C) UV—vis spectra of [PVA/CNI SWNTs + PSS (1 M)] LBL TC films before
and after treatment by 95 and 120% H,SO, (percentage of H,SO, solution was calculated as excess SO;~ concentration). (D)
Ellipsometry thickness measurements of [PVA/C-Sol SWNTs + PSS (1 M)],.

tobe T =86 = 0.5% and T = 82 = 0.5%, respectively.
Again, as the diameter of bundles visible in SEM in-
creased, transparencies deteriorated fast.

Structural Characterization. Along with the optical prop-
erties, it is also informative to analyze the thickness of
LBL films to understand both stabilizers and SWNTSs bet-
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Figure 2. SEM images of (A) [PVA/CNI SWNT + PSS (1 M)];o (T =
95%) LBL film after 120% H,SO, super treatment, (B) [PVA/CNI SWNT
+ SDS]yo (T = 83%) LBL film after 120% H,SO, superacid treat-
ment, (C) [PVA/C-Sol SWNT + PSS (1 M)l (T = 86%) LBL film after
120% H,SO, superacid treatment, and (D) [PVA/C-Sol SWNT +
SDSlqo (T = 82%) LBL film after 120% H,SO, superacid treatment,
(E) [PVA/C-Sol SWNT + PSS (1 M)];, LBL film before acid treatment.
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ter in LBL assemblies. The thickness of a layer depos-
ited in one cycle depends on the size of molecules be-
cause each layer forms by a monomolecular stack. As
such, the thickness of a SWNT LBL film is determined by
a function of average diameter of SWNTs and rough-
ness of surfaces where SWNTSs are adsorbed. The aver-
age thickness of 1 bilayer of [PVA/C-Sol + PSS (1 M)],
LBL was 3 nm: 2.2 nm for C-Sol/PSS (1 M) and 0.8 nm for
PVA (Figure 1D). Analogously, the average thickness of
LBL coating by [PVA/CNI + PSS (1 M)], was 2.24 nm:
1.77 nm for CNI/PSS (1 M) and 0.47 nm for PVA.' This
correlates quite well with the generally observed
SWNT's diameter range, which is 1.3—1.7 nm for EA pro-
duced SWNTs and 0.7—1.3 nm for HiPCO SWNTs.>* The
thickness of polymer binders including stabilizer, PSS
wrapping, and PVA is projected then to be ~1—1.5 nm.

Electrical Properties. Even a single layer of well-
adsorbed SWNTs provides complete conduction perco-
lative paths in LBL assemblies. Thus, the sheet resis-
tance (R, {)/sq) drops quickly as more SWNT layers are
deposited. However, the as-formed LBL composite is
not efficiently structured to utilize full conduction ca-
pacities of nanotubes because SWNTs are loosely
bound in and between LBL layers. Thus, annealing
structures are essential to enhance the electrical prop-
erties of a SWNT LBL film. Previously, we reported that
tighter SWNT contacts formed by thermal annealing at
300 °C increased more than an order of magnitude of
electrical conductivities of [CNI SWNT/PSS] LBL thin
films. In TC applications, however, acid treatments such
as 70% HNO;'%% and 97% SOCI,3°3> were usually used
to increase the electrical performances analogously.
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TABLE 1. Summary of the Electrical Property Changes of CNI SWNT LBL Films by 120 and 95% H,SO, Acid Treatments

as-assembled

samples R (©/sq) T(%)
[PVA/CNI + PSS (1 M)I;o 50500 93.1
[PVA/CNI + SDS]yp 2425 833

Here, we introduce a superacid (120% H,SO,) treat-
ment annealing at room temperature, which alters the
micro- and nanostructure of a LBL film by strong dehy-
dration and modification of nanotube—polymer inter-
actions. Chemical doping of SWNTs also takes place in
acid media, which leads to higher effective charge car-
rier concentrations in SWNT networks.>® The effect of
superacid on the structure of a LBL film can be identi-
fied from SEM images (Figure 2C,E). One can see dra-
matic changes in coating structures: smoother SWNT
side walls, larger voids, and removal of impurities, which
is discussed in greater detail below.

To understand this superacid treatment effect in
greater detail, CNI SWNT LBL films were analyzed first.
The TC properties of as-prepared [PVA/CNI SWNTs +
PSS (1 M)]1o and [PVA/CNI SWNTs + SDS];o LBL films
were 50.5 k) at T = 93.1% (TCFM = 0.00064 Q') and
243 kQ at T = 83.3% (TCFM = 0.0052 Q). After super-
acid treatment, these values changed to 1.01 kQ at T
=93.3% (TCFM = 0.033 Q") and 0.51 kQQ at T = 83.1%
(TCFM = 0.024Q7"), respectively. If comparing with
95% H,SO, treatment, these values were 1.62 k() at T
= 92.8% (TCFM = 0.019 Q" ") and 0.88 kQ at T = 81.3%
(TCFM = 0.013 Q7), respectively (Table 1). Evidently,
the super concentration of H,SO, acid brought in some
degree of surplus effects on both optical and electrical
properties.16263035

The acid concentration effects were rationalized
based on the light absorbance spectra (Figure 1Q).
Both 120 and 95% H,SO, caused absorbance drop at
the S22 transitions in the range of 700—900 nm and
eliminated the corresponding peaks in the region.
These are typical for p-type ion doping transitions of
SWNTs337 caused by down-shifting of the Fermi level,
Er.¥” One can speculate based on the data that interca-
lated SO3/SO,2~ dopants facilitate occurrence of highly
doped metallic behaving SWNTs more effectively than
NO;~ doping.3”38 Recently, Nirmalraj et al. reported that
these acid treatments could also significantly lower
SWNT junction resistances, which are major leakages
of conductivity in network forms.> The super acid,
120% H,SO,, furthermore, increased not only electrical
conductivity but also optical transmittance (Figure 1C).
Presumably, superacid removes some of polymeric
components if not completely and therefore partially
reconstructs the network to form tighter SWNT con-
tacts. According to the ellipsometry measurements, the
treatment reduces the thickness of original SWNT LBL
film by about one-third (Figure 1D). One should note
that single-stranded SWNTs with ohmic contacts have

www.acsnano.org

120% H,S0, treatment 95% H,S0, treatment
R (Q/sq) T (%) R (Q/sq) T(%)
1010 933 1620 928
506.2 83.1 882.5 813

the potential ability of ballistic carrier transport like 1D
quantum wires or electron waveguides,'%*° although
bundles of them or MWNTs show diffusive carrier
characteristics.2#4! XPS analysis of the SWNT LBL films
before and after superacid treatment revealed that sul-
fur and oxygen content increased from 0.7 to 2.6% and
20.3 to 23.3%, respectively (Figure 3). It confirms that a
substantial amount of guest S05/S0,2~ dopants were
intercalated in the film to affect SWNT's electronic state.
Then, we maximized TC performances of a SWNT
LBL film by integrating this superacid treatment into
the C-Sol SWNT LBL processes. The LBL films were
treated every 5 bilayers by the superacid. At the same
time, stabilizers such as PSS (1 M), PSS (200 K), and SDS
were also compared (Figure 4A) As a result, TCFMs with
PSS (1 M), PSS (200 K), and SDS were 0.104, 0.052, and,
0.023 Q7', respectively. Interestingly, superacid doping
was more effective for PSS with greater M,,. This obser-
vation substantiates the idea of partial removal of
weakly bound polymeric material by superacid and,
therefore, reduction of nanotube—nanotube gaps. For
further optimization of superacid treated TC perfor-
mance, we compared the weight ratio of SWNTs and
PSS (1 M) by 1:1, 1:2, and 1:5 in SWNT dispersions (Fig-
ure 3B). Although this comparison is less significant, 1:2
in SWNT/PSS ratio showed the lowest resistivity trends.
Thus, the optimally conditioned [PVA/C-Sol SWNT +
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Figure 3. XPS results of [PVA/C-Sol SWNT + PSS (1 M)] LBL films before and

after acid treatment.
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Figure 4. Comparisons of TC performances in (A) [PVA/C-Sol SWNT + PSS (1 M)],, [PVA/C-Sol SWNT + PSS (200 K)],, and [PVA/C-Sol SWNT
+ SDS], LBL films and (B) SWNT:PSS weight ratios 1:5, 1:2, 1:1 of [PVA/C-Sol SWNT + PSS (1 M)], LBL films. All of the films were treated
by superacid (120% H,SO,) every 5 bilayers. Please note the logarithmic scale of the ordinates in both graphs.
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PSS (1 M)] LBL nanocomposite showed R; = 86 ()/sq
with T (A = 550 nm) = 80.2% (TCFM = 0.12 Q" "), which
is similar to the state-of-the-art SWNT TC
coatings.'8203342 Hence, for all of the subsequent ex-
periments aimed at versatile TC material performances,
we used this particular family of coatings. For compari-
son, the TCFMs of recently reported representative
SWNT TCs from Geng et al.,'® Zhang et al.*° De et al.,*
and Saran et al.*> were 0.16,0.103, 0.1,and 0.13 ', re-
spectively. However, in the framework of flexible poly-
meric composites, this study showed the best perform-
ing system based on our limited knowledge.®

It might also be useful to compare the performance
of SWNT LBL coatings with benchmarks used in elec-
tronics industry. To use TCs in touch screen displays,
one needs at least R; = 500 ()/sq with T (A = 550 nm)
= 85%.'® Many other applications require Ry = 100
Q/sq with T (A = 550 nm) = 90%.33 In this respect, the
produced coatings are very suitable for practical appli-
cations in many fields. LBL process can be easily
scaled-up without potential cost/quality deterioration.
The current performance parameters are, in principle,
sufficient for many TC applications. However, much
work still needs to be done to establish compatibility
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with electronic and chemical properties of other
materials.

Protective Capping Layers. TC performance obtained af-
ter chemical treatment typically deteriorates with time
due to the volatility of dopants (dedoping).** In a 24 h
period, the resistivity of [PVA/C-Sol SWNT + PSS (1 M)];o
LBL film with superacid treatment increased more than
40% from its original value. In order to reduce this de-
doping effect, a nanothin transparent impermeable
capping layer, [PVA/Clayl; LBL assembly, was formed
to protect the TC performance. When we added this
clay capping layer on the SWNT LBL TCs, the resistivity
slightly increased. However, after restoring the doping
with the same superacid treatment, the resistivity drops
even below the original value (Figure 5A). Resistance
continued to decrease as we added more clay capping
layers (Figure 5A). This was quite unexpected, and the
reason for this improvement of electrical characteristics
of TC by addition of clay (which is an insulator) is not
well-understood at the moment. It is possible that clay
serves as an in situ dopant “storing” acid groups in non-
volatile form and the clay layers filled with acid dopants
behave as a solid electrolyte with ionic conduction.
The protective functionality of this impermeable clay
layers was demonstrated in the same 24 h period. The
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Figure 5. (A) Electrical sheet resistance (R;) measurements during [PVA/Clay] LBL capping layer and 120% H,SO, processing.
(B) Electrical resistance change of SWNT LBL films, [PVA/C-Sol SWNT + PSS (1 M)];o (120% H,SO, treatment every 5 bilay-
ers) with and without clay capping layers, [PVA/clay/120% H,SO,]; in 24 h. R;* indicates the electrical resistance of bare SWNT

TC coating right after 120% H,SO, treatment.
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increase of resistance due to dedoping was signifi-
cantly suppressed (Figure 5B). Although blue-black
semitransparent PEDOT:PSS capping layers were tried
previously,*® the clay LBL layers are more appropriate
choices in TC applications because of their nearly per-
fect transparency and exceptional strength.* The opti-
cal transmittance of a CNT LBL composite remains the
same even after multiple additions of clay LBL layers.

Bending Properties. For most up and coming practical
applications, TC bending performance is particularly im-
portant. Some other parameters, such as tensile
strength and toughness, characterizing stretchability
and wear resistance can also be considered as well but
are either more application specific or less challenging
to improve than mechanical properties of TCs in bend-
ing. In a simple case of uniaxial bending, the outer and
the inner layers are in tension and in compression, re-
spectively. The strain of a component layer in a film can
be estimated as € = y/R, where & = strain, y = the dis-
tance from the neutral axis layer (aka the zero deforma-
tion axis), and R = radius of the bending curvature.*

Considerable efforts have been invested in the past
into the design of multilayer TC films where the most
critical brittle (oxide) material is located along the neu-
tral axis of bending. However, it is impractical for every
brittle material to locate in the center of the film. More
importantly, the flexural deformations in modern de-
vices are often multiaxial resulting in complex strain dis-
tribution patterns, which makes this approach often
much more difficult to implement.

Overall, the brittleness of ITOs and similar semicon-
ducting components critically limits the flexibility of
the entire device and is the primary cause of the de-
vice failure. The measures of ITO’s brittleness are usu-
ally represented by critical strain (), R, and number of
bending cycles (n). Their values vary by the substrate,
buffer layers, and coating conditions of testing ITOs. In
terms of g, there are two techniques to determine it.
One is measuring the onset of cracks on the surface. The
other is finding the point of inflection of the
strain—resistance curve. The critical strain, g, by either
ways represents a maximum strain before electrical fail-
ure, which causes a device malfunction. Chen et al. re-
ported that the &. of 100 nm thick ITO coating on a PET
substrate was 1.1% for tension and 1.7% for compres-
sion.* The strains of ITOs are strongly dependent on the
film thickness. Leterrier et al. found that the crack on-
set strain varied from 0.83% (200 nm thick) to 1.69% (50
nm thick).* This strain corresponds to around 1 cm as
minimum allowable radius of bending curvature at their
best design when the substrate was 100—200 pum.**8
For estimating bending cycles, there is no simple indi-
cator, but it is demonstrated by a plot of resistance
change and cycle numbers at their minimum radius of
bending curvature. Although conventional bare ITO is
very poor at this repeated bending, some treatments,
such as Ag backing layers* or pulse magnetron sputter-
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ing>® could improve their repeated bending cycles up
to 10° times. Overall, the current state of ITOs is severely
limited for their use in flexible electronics due to low
&, Which causes high minimum allowable radius of
bending curvature.

We tested mechanical properties of SWNT LBL film
following the terms of ITO coatings. The &. of [PVA/C-
Sol SWNT + PSS (1 M)y LBL film coated on a 230 pum
polystyrene (PS) substrate was 99 and 120% before and
after superacid treatment, respectively (Figure 6A).
This value indicates ca. 100 times improvements in
their bending performances compared to ITOs. The re-
sistance changes in low strain ranges up to 5 mm bend-
ing radius of both stretching and compression are
shown in Figure 6B—D. The causes of these high bend-
ing properties are flexible polymeric binders as well as
slight in-plane buckling effect of SWNTs when they are
adsorbed in a soft PS substrate®' (Supporting Informa-
tion Figure 1). Importantly, the described LBL TC films
can be easily deposited on a large-scale letter paper size
plastic substrate in our laboratory (Figure 7B).

New Figure of Merit for Flexible TCs. We believe that the
area of flexible electronics and other applications of
TCs will be better served by introducing mechanical
properties into consideration. In our opinion, the me-
chanical properties must be given equal weight with
optical transparency and conductivity when consider-
ing the suitability of a particular material for TC applica-
tions, which had not be done before. Therefore, we
would like to introduce a new figure of merit for flex-
ible TCs, which reflects the new technological realities
of mechanical properties for the practical prospects of
materials. Considering the specific needs of the flexible
electronics, touch screen displays, wearable sensors,
and similar applications when the material is bent,
worn, stretched, and compressed extensively, one prob-
ably needs to use a parameter which reflects the best
flexible durability of the material, which is critical strain,
&.. Therefore, we propose to evaluate flexible TC mate-
rials using the new figure of merit according to the fol-
lowing equation

;e = oe /o (Q) (M

which gives the cumulative estimate of the properties rel-
evant for flexible TCs better than TCFM used before. Note
that other mechanical parameters can also be included
in this formula, for instance, tensile strength, toughness,
or Young's modulus. This certainly can be considered de-
pending on how critical this parameter is. Similarly, the
more extensive description of optical or electrical proper-
ties can be used, as well. As such, transparency at several
wavelengths can be incorporated. Our suggestion is to
use the simplest variant of eq 1 at the moment.

With respect to the new figure of merit, the SWNT
LBL films give ITt¢ = 0.15 Q™ ', whereas Il of the con-
ventional ITO coatings is lower than 0.07 Q) ~". Note that
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Figure 6. (A—D) Electrical resistance changes of [PVA/C-Sol SWNT + PSS (1 M)];, LBL films coated on a flexible 230 pum thick
PS substrate. (A) Coated films with and without superacid treatment are stretched until electrical network paths are bro-

ken. (B) Correlations between bending radius and stretching
sults provide universal trends of TC's bending performances. (

strain are shown in the same plots. These direct stretching re-
C,D) Electrical resistance changes by actual stretching and com-

pression bending experiments of the coated films (C) without and (D) with superacid treatment were shown. These actual

bending results are critically dependent on the thickness of a
Here, R, indicates the resistance at no strain.

II1c of bucky-paper-like SWNT TC networks may be
much lower than those because the strain at breaking
is less than 6%.2° The comparison between ITO and
SWNT coatings is indeed quite revealing. Despite the in-
dication of overall better performance, the cumulative
figure is not as high as one might expect based on me-
chanical performance, which may be considered as the
clue for further improvement both optical and electrical
characteristics.

CONCLUSION
The ability to finely tune the nanoscale organiza-
tion in the composites allowed SWNT LBL films to dem-

substrate as well as adherence of SWNT coating on a substrate.

onstrate competitive TC performance in terms of elec-
trical/optical properties and exceptional performance in
terms of mechanical properties. We demonstrated that
the combination techniques of suitable polymeric stabi-
lizers, exfoliated conductive SWNTSs, assemblies con-
trolled at the nanoscale, and efficient post treatments
can not only produce viable TC coatings but also actu-
ally match or improve electrical parameters compared
to the state-of-the-art SWNT TC systems. Molecularly
thin polymeric binders between SWNT layers signifi-
cantly improve mechanical stability, and clay capping
LBL layers can protect TC performance without sacrific-
ing optical transparency.

Figure 7. Photo images of (A) bending of the SWNT LBL coating on the PS substrate and (B) large-scale coating of a SWNT

LBL TC film.
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Consistent with the new technological realities of
TC applications, a new figure of merit to evaluate the
performance of different materials for flexible transpar-
ent conductive coatings was introduced. The new ex-
pression includes critical bending strain of the material
as one of the three key parameters and basically states
that mechanical properties are equally important for TC

METHODS

Materials. Poly(vinyl alcohol) (PVA, MW 9000), poly(sodium
4-styrene sulfonate), (PSS, MW 200 000, PSS (200 K) and
1000 000, PSS (1 M)), and sodium dodecyl sulfate (SDS) were pur-
chased from Sigma-Aldrich Co. SWNTs were purchased from Car-
bon Nanotechnologies Incorporated (purified HiPco SWNTSs;
now the company merged with Unidym) (CNI SWNTs) and Car-
bon Solution Co. (P-2, SWNTSs) (C-Sol SWNTSs); 95% sulfuric acid
(95% H,S0,), 120% super sulfuric acid (H,SO,4, fuming, 20% free
SO; basis), glutaraldehyde, and HF were purchased from Sigma-
Aldrich Co.

LBL Assembly. SWNTs were dispersed in water with negatively
charged stabilizers such as PSS and SDS. PVA solutions (0.2%)
were prepared. By charge transfer interaction between SWNTs
and PVA, or by hydrogen bonding between possible COOH
groups in SWNTs and OH in PVA, they formed LBL assemblies
on a charged substrate (glass, Si, or polystyrene). Each LBL layer-
ing process consists of dipping in the PVA and the SWNT solu-
tion, rinsing in deionized (DI) water, and drying. To denote LBL
assemblies, [PVA/SWNT (CNI or C-Sol) + stabilizer (PSS or SDS)]1,
was used in which n represents the number of repeated dipping
processes in PVA and SWNT solutions.

As post treatments, the films were dipped in acids (95 and
120% H,S0,) for 2 min. The 95% sulfuric acid treated sample
was rinsed in DI water and dried. The 120% sulfuric acid treated
sample was rinsed shortly in 95% sulfuric acid and then rinsed in
DI water and dried. Users should give special attention because
120% sulfuric acid reacts with water explosively. For clay capping
layers, the existing SWNT LBL films were processed by [PVA/
Clay] LBL dipping steps and 120% H,SO, treatments. A 0.5% clay
solution was used here. The detailed procedures for clay LBL as-
semblies are described in a previous publication.*

Free-standing LBL films were prepared by repeating 200
times of the same dipping procedures. The LBL films were de-
tached by dipping in 1% HF solutions. Before film detachment,
the film was cross-linked in 5% glutaraldehyde to prevent poly-
mer swelling.

Instrumental Analysis. Scanning electron microscopy (SEM) im-
ages were taken using a Philips XL30 field emission gun scan-
ning electron microscope and an FEI Nova Nanolab dual-beam
FIB and scanning electron microscope. Atomic force microscopy
(AFM) imaging was performed using a Nanoscope lll (Digital In-
struments/Veeco Metrology Group). UV—vis absorption mea-
surements were taken using an Agilent 8453E UV—visible spec-
troscope. An Agilent 34401A multimeter was used for electrical
measurements. Mechanical tests were done by Q systems model
100 (Test Resources). Thermogravimetric analysis (TGA) was per-
formed using a PerkinElmer Pyris 1 TGA. Ellipsometric measure-
ments were done with a M-44 IR spectroscopic ellipsometer (J.A.
Woollam Co., Inc.). X-ray photoelectron spectroscopy (XPS) was
carried out using a Kratos Axis Ultra. A monochromated Al Ka
X-ray source was used to irradiate the sample using a power of
140 W (14 kV, 10 mA). A chamber pressure of better than 1 X
107 was maintained throughout the experiment. Survey scans
were performed using a pass energy of 160 eV, a step size of 1 eV,
and a dwell time of 200 ms. Detailed scans were acquired with
a pass energy of 20 eV, a step size of 0.1 eV, and a dwell time of
200 ms. A flood gun was used for charge compensation.

Supporting Information Available: Additional figures. This ma-
terial is available free of charge via the Internet at http://pubs.ac-
s.org.
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performance as optical and electrical properties. The
new figure of merit I1;c was calculated for [PVA/C-Sol
SWNT + PSS (1 M)], coatings and compared to those for
other traditional TCs. The expression for the new
figure of merit is quite universal and can be extended
to incorporate other relevant properties when
necessary.
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