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(57) Abstract: A protective layer may be deposited on a surface of the component of a vehicle in order to protect the vehicle com

o ponent against directed energy attacks such as a lightening strike or a laser beam. The protective layer is made of a material adapted
to undergo a metal -insulator transition in response to an external stimulus. The material may be a functional oxide thin film that un -

o dergoes a sharp metal-insulator transition in response to an electrical or thermal trigger. The protective layer protects the vehicle
component against incoming directed energy by undergoing the metal -insulator transition so as to dissipate the directed energy.



AIRCRAFT PROTECTION FROM DIRECTED ENERGY ATTACKS

[001] CROSS-REFERENCE TO RELATED APPLICATIONS

[002] The present application is based upon, and claims the benefit of priority under

35 U.S.C. § 119, to co-pending United States Provisional Patent Application No. 61/424,514

(the "'514 provisional application"), filed December 17, 2010 and entitled "Aircraft Protection

From Directed Energy Attacks." The contents of the '514 provisional application are

incorporated herein by reference in their entireties as though fully set forth.

[003] BACKGROUND

[004] In aircraft manufacturing, conductive materials such as metal alloys are increasingly

being replaced with composite materials. These composite materials typically are lightweight

materials having a significantly higher strength-to-weight ratio compared to metal alloys such

as aluminum alloys or aluminum titanium alloys. The use of such composite materials can thus

increase fuel efficiency by reducing weight, fuel consumption, and operating costs.

[005] An undesirable consequence, however, is the poor electrical conductivity of these

composite materials. The lightweight composite materials used in aircraft manufacturing tend

to be much more resistive compared to metal alloys, thereby leading to potential problems in

the event of an electrical interaction such as a lightening strike.

[006] BRIEF DESCRIPTION OF THE DRAWINGS

[007] The drawings disclose illustrative embodiments. They do not set forth all

embodiments. Other embodiments may be used in addition or instead.

[008] Fig. 1 illustrates a schematic flow chart of a method of protecting an aircraft or other

vehicle from directed energy, in accordance with one or more embodiments of the present

disclosure.

[009] FIGs. 2A and 2B are plots of current versus voltage, illustrating examples of

voltage-triggered metal-insulator transitions in vanadium oxide thin films.

[010] Fig. 3 is a schematic block diagram of a vehicle component coated with a protective

layer of an oxide film that undergoes an electrically or thermally induced metal-insulator



transition, in accordance with one or more embodiments of the present disclosure.

[Oi l ] FIG. 4 illustrates examples of vehicle components that can be coated with the

protective layer described above, in embodiments in which the vehicle is an aircraft.

[012] FIG. 5 illustrates the temperature dependence of the threshold voltage for electrically

triggered metal -insulator transitions in V0 2 thin films, in one or more embodiments of the

present disclosure.

[013] DESCRIPTION

[014] The present disclosure describes methods and systems relating to the protection of

aircraft and other vehicles from directed energy attacks such as lightening strikes. Illustrative

embodiments are discussed in this disclosure. Other embodiments may be used in addition or

instead.

[015] A protective coating of a material, which undergoes a metal-insulator transition in

response to an external stimulus, may be applied to sensitive components of an aircraft or other

vehicle in order to protect the vehicle from directed energy attacks such as a lightening strike or

a laser beam. The external stimulus may include without limitation an electrical, thermal, or

optical stimulus.

[016] By way of example, sensitive parts of an aircraft may be coated with an oxide film that

undergoes a metal -insulator transition electrically or thermally. Examples include without

limitation vanadium oxide (V0 ) and rare earth nickelates such as SmNi0 3, for which sharp

metal -insulator transitions can be triggered by an electrical voltage or current injection. Any

other oxides that undergo metal -insulator transitions by external stimuli may also be used as

material for the protective coating.

[017] The electrical conductivity in the metallic state can be orders of magnitude higher than

that of the insulating state, and may thus serve to protect the aircraft or other vehicle during

events such as a lightening strike or an incident laser beam by dissipating the electrical energy.

[018] Fig. 1 illustrates a schematic flow chart of a method 100 of protecting a vehicle

component from a directed energy attack such as a lightening strike or an intense incoming



photon beam (such as a laser beam), in accordance with an embodiment of the present

disclosure.

[0 19] When a vehicle is struck by a directed energy attack such as lightening, the current from

the discharge would distribute relatively evenly over a metal body. The same charge would

disperse much more unevenly over a higher resistance composite material, thereby leading to

potential problems.

[020] The method 100 includes an act 120 of applying a protective coating of the oxide thin

film on a surface of the vehicle component. The oxide thin film is adapted to undergo a

metal-insulator phase transition in response to an external stimulus, such as an electric or

thermal stimulus.

[021] In this way, the vehicle component can dissipate the incoming directed energy (e.g.

from a lightening strike or an intense photon beam) to a phase transition. Electric fields are

screened by metallic materials and the phase transition to a metallic state will enable this

function also. Once the directed energy stops, the material will return to insulating state

rapidly. The transition is therefore reversible and highly reproducible.

[022] In some embodiments the oxide thin film has very high metal-insulator transition

properties, so as to undergo a metal insulator transition that is sharp enough to change the

resistance by at least four orders of magnitude.

[023] The method 100 may include an act 110 of synthesizing an oxide thin film that

undergoes a sharp metal insulator transition electrically or thermally. In some embodiments,

the oxide thin film may be synthesized using a functional oxide such as vanadium dioxide

(V0 2) . Other functional oxides that can be used for the protective coating include, without

limitation, multi-ferroic oxides and ferroelectric oxides. In other embodiments of the present

disclosure, the oxide thin film may be made using rare earth nickelates such as SmNiOs. With

these materials, the metal-insulator transition can be triggered by an electrical voltage or current

injection. Other oxides that undergo a metal-insulator transition by electrical or other external

stimuli are also candidate materials.

[024] The method described above may be used to protect aerial vehicles such as commercial or

military aircraft, or UAVs (unmanned aerial vehicles), or non-aerial vehicles such as armor trucks.



[025] In some embodiments that use vanadium oxide thin films, V0 2 thin films can be

synthesized by reactive sputtering on n-doped conductive silicon (Si) and A 120 3 substrates. In

these embodiments, the sputtering conditions are chosen so that the synthesized films exhibit

an extremely sharp MIT (metal-insulator transition). In one embodiment, the MIT causes a

drop in electrical resistance of about four orders of magnitude at about 7 1 °C.

[026] In an exemplary embodiment, the act 110 of synthesizing the thin film of vanadium

dioxide may include: heating a substrate to a predetermined temperature, and maintaining the

substrate inside a sputtering chamber at the predetermined temperature during a time period;

placing a target material in a sputtering gun at a distance from the substrate; and causing an

inert gas to flow into the sputtering chamber at a first flow rate, and a reactive gas to flow into

the sputtering chamber at a second flow rate.

[027] The act 110 may further include applying a voltage within the sputtering chamber so as

to cause at least a portion of the inert gas to become a plasma. The act 110 may further include

activating the sputtering gun so as to cause the target material to react with the reactive gas and

so as to cause a layer to be deposited on the substrate, wherein the layer including a compound

of the reactive gas and the target material.

[028] In one example, the V0 2 thin film is synthesized by reactive sputtering on n-doped

conductive Si (001) and A 120 3 substrates. Ar and 0 2 gases are admitted into the sputtering

chamber, while the flow rates of these gases are precisely controlled by mass flow controllers.

The substrate temperature during the deposition is around 550 °C. A vanadium target is

sputtered with a DC gun in an oxygen environment to create V0 2 on the substrate.

[029] The target material is either vanadium dioxide, vanadium oxide, or vanadium, while the

substrate is either a Si/Si0 2 substrate, or an A 120 3 substrate. The flow rate of Ar is about 92.2

seem, and the flow rate of 0 2 is about 7.8 seem, where seem denotes cubic centimeters per

minute at standard temperature and pressure. The substrate is heated to a temperature of about

550 °C for a time period of about 20 minutes.

[030] Further details of the above-described fabrication of vanadium oxide thin films having

very strong MIT properties is described in a PCT application No. PCT/US09/41988 (the "'988

PCT application"), filed on April 28, 2009, entitled "Vanadium Oxide Thin Films," and



published on November 5, 2009 under international publication number WO2009/134810.

The '988 PCT application is hereby incorporated by reference in its entirety.

[031] FIGs. 2A and 2B are plots of current versus voltage illustrating examples of a

voltage-triggered metal-insulator transition in V0 2 thin films, which exhibit an abrupt jump

in current at certain critical voltages. The synthesis conditions for the V0 2 thin films shown in

FIGs. 2A and 2B are discussed in a journal article: "Electrical Triggering of Metal-Insulator

Transition in Nanoscale Vanadium Oxide Junctions," D. Ruzmetov, G. Gopalakrishnan, J.-D.

Deng, V. Narayanamurti, and S. Ramanathan, Journal of Applied Physics 106, 083702 (2009).

This article is hereby incorporated by reference in its entirety.

[032] FIGs. 2A and 2B show electrically induced MIT that can be observed in nanoscale

V0 2 device junctions that use Au (gold) nanodot contacts fabricated by electron-beam

lithography. In the illustrated embodiments, ~ 200 nm diameter Au contacts were fabricated

by e-beam lithography on sputtered thin film vanadium oxide grown on conducting

substrates, and electron transport measurements were performed with a conducting tip

atomic force microscope.

[033] As shown in FIGs. 2A and 2B, abrupt jumps in electrical current across the V0 2

film, attributable to the manifestation of the metal-insulator transitions, are seen when the

applied bias reaches a critical value. For the nanodot shown in FIG. 2A, the critical value is

about 1.75 V. FIG. 2B, which is an I-V curve relating to a different nanodot, shows multiple

current jumps for different applied biases, indicated in FIG. 2B as MIT step 1 and MIT step 2 .

[034] Fig. 3 is a schematic block diagram of a component 300 of a vehicle, constructed and

arranged in accordance with some embodiments of the present disclosure. In the illustrated

embodiment, the component 300 is made at least in part of a composite material that has a

relatively low conductivity.

[035] In some embodiments, the composite material has a conductivity lower than that of

aluminum by one or more orders of magnitude, and has a strength-to-weight ratio higher than

that of aluminum by one or more orders of magnitude. Examples of such composite materials

include, without limitation: carbon fiber composites such as carbon fiber reinforced plastic;

polymer-matrix composites (PMCs); inter-metallic-matrix composites (IMCs); and



fiber-reinforced ceramics (FRCs).

[036] The vehicle component 300 is coated with a protective layer of an oxide film 310 that

undergoes an electrically or thermally induced metal-insulator transition. In some

embodiments, the metal insulator transition is sharp enough so as to change the resistance by at

least about four orders of magnitude.

[037] As described above, in some embodiments the material used to make the oxide thin film

310 is a functional oxide, including without limitation V0 2, multi-ferroic oxides, and

ferroelectric oxides and so forth. In other embodiments, the oxide thin film is made of rare

earth nickelate, including without limitation SmNi03. In some embodiments, the oxide thin

film is a vanadium oxide thin film synthesized by reactive sputtering, and the metal insulator

transition occurs at a temperature of about 1 degrees Celsius.

[038] The vehicle may be an aerial vehicle, such as a commercial or military aircraft, or a

UAV. Alternatively, the vehicle may be a non-aerial vehicle such as an armor truck.

[039] FIG. 4 illustrate examples of vehicle components that can be coated with the protective

layer described above, in exemplary embodiments in which the vehicle is an aircraft 400. As

seen in FIG. 4, examples of components of an aircraft which may be coated with a protective

layer as described above include the fuselage (body) 410 and the cockpit 405. Further

components that can be coated with the protective layer include flaps 420; aileron 430;

spoilers 440; rudder 450; elevator 460; stabilizer 470; and slats 480. Other sensitive parts

of an aircraft, including without limitation sensors and sensing navigation systems, radar

systems and other communication systems, may also be coated with a protective layer as

described above.

[040] FIG. 5 illustrates the temperature dependence of the threshold voltage V MIT for

electrically triggered metal-insulator transition in V0 thin films. In particular, the weak

temperature dependence of threshold voltage variation between 77 K and 300 K is illustrated.

[041] In the illustrated embodiment, electrical triggering of the phase transition at a range of

temperatures, from about 340 K down to 77 K, was studied for ~ 200 nm thick V0 thin films

grown on n - Si substrates using magnetron sputtering. Details relating to FIG. 5 are disclosed



in a journal article: "Studies on Electric Triggering of the Metal-Insulator Transition in V02

Thin Films Between 77K and 300K," Zheng Yang, Sean Hart, Changhyun Ko, Amir Yacoby,

and Shriram Ramanathan, Journal of Applied Physics 110, 033725 (201 1). This reference is

hereby incorporated by reference in its entirety.

[042] The observed weak temperature dependence of the threshold voltages V MIT (scan down

data) for the 200 nm V0 2 films, namely ~ 1.1V at 300 K and ~ 2.0 V at 77 K as shown in FIG.

5, indicate that the above-described approach can work in a range of temperatures. In the

illustrated embodiment, the range of temperatures is between about 77 K and about 300 K. In

other embodiments, the protective coating may work at different ranges of temperatures.

[043] In sum, methods and systems have been disclosed for protecting vehicles such as

aircraft from directed energy attacks, by coating one or more of its components with a

protective layer of material, for example oxide thin films, which are adapted to undergo a

metal -insulator transition electrically or thermally.

[044] The components, steps, features, objects, benefits and advantages that have been

discussed are merely illustrative. None of them, nor the discussions relating to them, are

intended to limit the scope of protection in any way. Numerous other embodiments are also

contemplated, including embodiments that have fewer, additional, and/or different components,

steps, features, objects, benefits and advantages. The components and steps may also be

arranged and ordered differently.

[045] Nothing that has been stated or illustrated is intended to cause a dedication of any

component, step, feature, object, benefit, advantage, or equivalent to the public. While the

specification describes particular embodiments of the present disclosure, those of ordinary skill

can devise variations of the present disclosure without departing from the inventive concepts

disclosed in the disclosure.

[046] In the present disclosure, reference to an element in the singular is not intended to mean

"one and only one" unless specifically so stated, but rather "one or more." All structural and

functional equivalents to the elements of the various embodiments described throughout this

disclosure, known or later come to be known to those of ordinary skill in the art, are expressly

incorporated herein by reference.



What is claimed is:

1. A system comprising:

a component of a vehicle;

a protective layer deposited on a surface of the component of the vehicle, the protective

layer including a material adapted to undergo a metal-insulator transition in response to an

external stimulus, and configured to protect the vehicle component against directed energy

incident upon the vehicle by undergoing the metal-insulator transition so as to dissipate the

directed energy.

2 . The system of claim 1, wherein the external stimulus comprises one or more of: an

electric field; a magnetic field; an optical field; and a thermal field.

3 . The system of claim 1, wherein the directed energy comprises one of: a lightening

strike; and a laser beam.

4 . The system of claim 1, wherein the material adapted to undergo the metal-insulator

transition comprises an oxide thin film.

5 . The system of claim 4, wherein the oxide thin film comprises a functional oxide, and

wherein the functional oxide comprises one of: a vanadium oxide; a multi-ferroic oxide; and a

ferroelectric oxide.

6 . The system of claim 4, wherein the oxide thin film comprises a rare earth nickelate, and

wherein the rare earth nickelate comprises SmNi03.

7 . The system of claim 4, wherein the oxide thin film comprises a vanadium oxide thin

film synthesized by reactive sputtering; and wherein the metal-insulator transition comprises a

change in resistance of at least about four orders of magnitude.

8. The system of claim 4, wherein the oxide thin film comprises a vanadium oxide thin

film synthesized by reactive sputtering; and wherein the metal-insulator transition occurs at a

temperature of about 7 1 °C.



9 . The system of claim 8, wherein the oxide thin film comprises a vanadium oxide thin

film synthesized by reactive DC sputtering from a vanadium target in an environment

including Ar and 0 2; and wherein the metal insulator transition occurs at a temperature of about

7 1 °C.

10. The system of claim 3, wherein the oxide thin film is a vanadium oxide thin film, and

wherein the metal-insulator transition occurs at temperatures that range from about 77 K to

about 300 K.

11. The system of claim 1, wherein the vehicle component includes a composite material

having a relatively low conductivity.

12. The system of claim 11, wherein the composite material has a conductivity lower than

the conductivity of aluminum by one or more orders of magnitude; and wherein the composite

material has a strength-to-weight ratio higher than aluminum by one or more orders of

magnitude, and comprises one of: a carbon fiber composite; a polymer-matrix composite

(PMC); an inter-metallic-matrix composites (IMC); and a fiber-reinforced ceramic (FRC).

13. The system of claim 1, wherein the vehicle is one of: an aircraft; a UAV (unmanned air

vehicle); and an armor truck.

14. The system of claim 1, wherein the vehicle is an aircraft, and wherein the component of

the vehicle comprises one of: fuselage; cockpit; engine; landing gear; wing; flap; slats;

rudder; spoiler; aileron; stabilizer; elevator; radar system; communication system;

navigation system; and pivot shaft.

15. A method of protecting a component of a vehicle from a directed energy attack,

comprising: coating a surface of the component of the vehicle with a material adapted to

undergo a metal-insulator transition in response to an external stimulus, so that the material can

dissipate the incoming directed energy by undergoing the metal-insulator transition.

16. The method of claim 15, wherein the vehicle is an aircraft; and wherein the directed

energy attack is one of: a lightening strike; and a laser beam.

17. The method of claim 15, wherein the material comprises an oxide thin film; and



wherein the oxide thin film comprises one of: a functional oxide; and a rare earth nickelate.

18. The method of claim 15, wherein the oxide thin film comprises vanadium oxide, and

wherein the metal-insulator transition comprises a change in resistance of at least about four

orders of magnitude at a temperature of about 7 1 °C.

19. The method of claim 15, further comprising the act of synthesizing the oxide thin film

by reactive sputtering.

20. The method of claim 15, wherein the act of synthesizing the oxide thin film comprises:

heating a substrate to a predetermined temperature, and maintaining the substrate inside

a sputtering chamber at the predetermined temperature during a time period;

placing a target material in a sputtering gun at a distance from the substrate, the target

material comprising a functional oxide;

causing an inert gas to flow into the sputtering chamber at a first flow rate, and a

reactive gas to flow into the sputtering chamber at a second flow rate;

applying a voltage within the sputtering chamber so as to cause at least a portion of the

inert gas to become a plasma; and

activating the sputtering gun so as to cause the target material to react with the reactive

gas, and so as to cause a layer to be deposited on the substrate, the layer including a compound

of the reactive gas and the target material.

2 1. The method of claim 20, wherein the substrate is one of a Si/Si0 2 substrate and an

A 120 substrate, and the predetermined temperature is about 550 °C; and wherein the target

material is one of vanadium and vanadium dioxide.

22. The method of claim 21, wherein the inert gas is Ar and the first flow rate is about 92.2

seem; and wherein the reactive gas is 0 and the second flow rate is about 7.8 seem.

23. A vehicle comprising at least one component coated with a protective layer, the

protective layer including a material adapted to undergo a metal-insulator transition in

response to an external stimulus, and configured to protect the vehicle component against

directed energy incident upon the vehicle by undergoing the metal-insulator transition so as to

dissipate the directed energy.
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