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(57) ABSTRACT

Apparatus, materials, and techniques and techniques herein
can include providing a deposited layer comprising a com-
posite material including carbon nanotubes (CNTs). Accord-
ing to various examples, the composite can be applied to a
substrate such as using a solution containing CNTs and other
constituents such as sulfur. The solution can be spray-
applied to a substrate, or spin-coated upon a substrate, such
as to provide a uniform, conductive, and optically-transpar-
ent film layer. In one application, such a film layer can be
clad or otherwise assembled in a stack-up including a
substrate and cover layer (e.g., glass layers), such as to
provide a transparent assembly. Such an assembly can
include a portion of a window, such as a windscreen for a
vehicle, where the CNT material can provide a conduction
medium for Joule heating.



US 2017/0291580 A1

Oct. 12,2017 Sheet 1 of 18

Patent Application Publication

100~

FIG. 1A

106A



Patent Application Publication  Oct. 12,2017 Sheet 2 of 18 US 2017/0291580 A1

100""&

106A
FIG. 1B

. FLIR Infrared
‘Thermal Camera

2068
/204

o —
)

2tonr] 20 § i i i

2108




Patent Application Publication  Oct. 12,2017 Sheet 3 of 18 US 2017/0291580 A1

1.0

cpsleV
KeV
FIG. 3

:TS
-
L3
<2
¥
[a] fow} <3 [a] <2 [ faw] [
P [{w] [ <3 o et} bl



Patent Application Publication  Oct. 12,2017 Sheet 4 of 18 US 2017/0291580 A1

251 L
SE MAG: 1889 x HV:20.0 KV WD 12.3 mm Px: 61nm

FIG. 4

.
10:30:31 A0 00KV




Patent Application Publication

100

Oct. 12,2017 Sheet 5 of 18 US 2017/0291580 A1

f —T
! ~-= SKA
, \
/] f\\/\/_‘
R AR
i t\i / ;
\/\\ A /’i a{&i\ P
\\k;:»i;/\:,f//\{ 4 "u | ‘&\{:\J/
2 40 60 80 100
Point Number
FIG. 6A

FIG. 6B



Patent Application Publication  Oct. 12,2017 Sheet 6 of 18 US 2017/0291580 A1

700~
702~

Load substrate

704~ |
Dispense solution

706~
Cast film

708~ |
Settle

Mo 4
' Post processing
. (optional) |

mne mm nmn mme omn mme wm mme mm mme m mmn ok

FIG. 8















US 2017/0291580 Al

[0074] The above description is intended to be illustrative,
and not restrictive For example, the above-described
examples (or one or more aspects thereof) may be used in
combination with each other. Other embodiments can be
used, such as by one of ordinary skill in the art upon
reviewing the above description. The Abstract is provided to
comply with 37 C.FR. §1.72(b), to allow the reader to
quickly ascertain the nature of the technical disclosure. It is
submitted with the understanding that it will not be used to
interpret or limit the scope or meaning of the claims. Also,
in the above Detailed Description, various features may be
grouped together to streamline the disclosure. This should
not be interpreted as intending that an unclaimed disclosed
feature is essential to any claim. Rather, inventive subject
matter may lie in less than all features of a particular
disclosed embodiment. Thus, the following claims are
hereby incorporated into the Detailed Description as
examples or embodiments, with each claim standing on its
own as a separate embodiment, and it is contemplated that
such embodiments can be combined with each other in
various combinations or permutations. The scope of the
invention should be determined with reference to the
appended claims, along with the full scope of equivalents to
which such claims are entitled.

The claimed invention is:

1. A method, comprising:

depositing a solution on a substrate, the solution including

carbon nanotubes, sulfur, and a solvent; and

drying the solution to provide a conductive layer on the

substrate; and

forming two electrodes on the substrate in electrical

contact with the conductive layer to provide a heating
element.

2. The method of claim 1, comprising depositing multiple
conductive layers comprising carbon nanotubes functional-
ized with sulfur on the substrate.

3. The method of claim 1, wherein depositing the solution
comprises spin-coating the substrate with the solution.

4. The method of claim 1, wherein depositing the solution
comprises spray-coating the substrate with the solution.

5. The method of claim 4, wherein the spray-coating
includes use of a spray-pyrolysis technique.

6. The method of claim 1, wherein depositing the solution
comprises dip-coating the substrate with the solution.

7. The method of claim 1, wherein the solution includes
at east 75% single-walled carbon nanotubes (SWNT).
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8. The method of claim 7, wherein the solution also
includes double-walled nanotubes and multi-walled nano-
tubes.

9. The method of claim 7, wherein the solution includes
ammonium hydroxide.

10. The method of claim 7, wherein at least a portion of
the carbon nanotubes are functionalized with sulfur.

11. An electrical device, comprising:

a substrate;

a conductive layer including carbon nanotubes and sulfur,

formed upon the substrate; and

two electrodes electrically coupled to the conductive

layer, the two electrodes, when energized, configured to
establish a current through the conductive layer to
provide a heating element

12. The electrical device of claim 11, wherein the sub-
strate and the conductive layer are optically transparent.

13. The electrical device of claim 11, wherein the sub-
strate includes glass.

14. The electrical device of claim 11, comprising a cover
layer located upon a surface of the conductive layer, oppo-
site the substrate.

15. The electrical device of claim 14, wherein the cover
layer comprises glass.

16. The electrical device of claim 14, wherein the cover
layer comprises a flexible polymer.

17. The electrical device of claim 16, wherein the cover
layer comprises an adhesive-backed film.

18. The electrical device of claim 11, wherein the con-
ductive layer comprises a plurality of carbon nanotube
layers formed upon the substrate, the carbon nanotube layers
including sulfur.

19. An electrical device, comprising:

an optically-transparent substrate including glass;

an optically-transparent conductive layer including car-

bon nanotubes and sulfur, formed upon the substrate;
two electrodes electrically coupled to the optically-trans-
parent conductive layer, the two electrodes, when ener-
gized, configured to establish a current through the
conductive layer to provide a heating element; and

a cover layer located upon a surface of the conductive

layer, opposite the substrate.

20. The electrical device of claim 19, wherein the cover
layer comprises a flexible polymer.
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