
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date
20 February 2014 (20.02.2014)

WO 2014/028903 Al
P O P C T

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
H01L 35/02 (2006.01) H01L 35/34 (2006.01) kind of national protection available): AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

PCT/US20 13/055462 DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,

16 August 2013 (16.08.2013) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

(30) Priority Data: ZW.
61/684,681 17 August 2012 (17.08.2012) US

(84) Designated States (unless otherwise indicated, for every
(71) Applicant (for all designated States except US): SILICI- kind of regional protection available): ARIPO (BW, GH,

UM ENERGY, INC. [US/US]; 1600 Huron Parkway, 2nd GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
Floor, Ann Arbor, MI 48109 (US). UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,(72) Inventors; and
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,(71) Applicants (for US only): BOUKAI, Akram, I. [US/US];
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,555 Mission Rock St. No. 804, San Francisco, CA 94158
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

(US). THAM, Douglas, W. [SG/US]; 2544 Crystal Drive,
KM, ML, MR, NE, SN, TD, TG).

Santa Clara, CA 95051 (US). HOPKINS, Adam [US/US];
550 18th Street, Apt. 205, San Francisco, CA 94107 (US). Published:

(74) Agents: ALEMOZAFAR, Ali, R. et al; Wilson Sonsini — with international search report (Art. 21(3))
Goodrich & Rosati, 650 Page Mill Road, Palo Alto, CA — before the expiration of the time limit for amending the
94304-1050 (US). claims and to be republished in the event of receipt of

amendments (Rule 48.2(h))

(54) Title: SYSTEMS AND METHODS FOR FORMING THERMOELECTRIC DEVICES

00
1001b 1001 02

1001a \
/

1001c

1005a
1001c \

1005

1001b 1 03
1 0 a \ ,

1004a

o
1 0

00

o FIG. 10

(57) Abstract: A vapor phase method for forming a thermoelectric element comprises providing a substrate in a reaction space, the
© substrate including a pattern of a metallic material adjacent to the substrate, which metallic material is configured to catalyze the ox -

idation of the substrate. The metallic material is then exposed to a gas having an oxidizing agent and a chemical etchant to form
holes in or wires from the substrate.



SYSTEMS AND METHODS FOR FORMING THERMOELECTRIC DEVICES

CROSS-REFERENCE

[0001] This application claims priority to U.S. Provisional Patent Application No.

61/684,681, filed August 17, 2012, which is entirely incorporated herein by reference.

BACKGROUND

[0002] Over 15 Terawatts of heat is lost to the environment annually around the world by

heat engines that require petroleum as their primary fuel source. This is because these engines

only convert about 30 to 40% of petroleum's chemical energy into useful work. Waste heat

generation is an unavoidable consequence of the second law of thermodynamics.

[0003] The term "thermoelectric effect" encompasses the Seebeck effect, Peltier effect and

Thomson effect. Solid-state cooling and power generation based on thermoelectric effects

typically employ the Seebeck effect or Peltier effect for power generation and heat pumping.

The utility of such conventional thermoelectric devices is, however, typically limited by their

low coefficient-of-performance (COP) (for refrigeration applications) or low efficiency (for

power generation applications).

[0004] Thermoelectric device performance may be captured by a so-called thermoelectric

figure-of-merit, Z = S σ / k, where 'S' is the Seebeck coefficient, 'σ' is the electrical

conductivity, and 'k' is thermal conductivity. Z is typically employed as the indicator of the

COP and the efficiency of thermoelectric devices—that is, COP scales with Z. A dimensionless

figure-of-merit, ZT, may be employed to quantify thermoelectric device performance, where 'T'

can be an average temperature of the hot and the cold sides of the device.

[0005] Applications of conventional semiconductor thermoelectric coolers are rather limited,

as a result of a low figure-of-merit, despite many advantages that they provide over other

refrigeration technologies. In cooling, low efficiency of thermoelectric devices made from

conventional thermoelectric materials with a small figure-of-merit limits their applications in

providing efficient thermoelectric cooling.

SUMMARY

[0006] Recognized herein is a need for enhanced thermoelectric materials, and methods for

their fabrication. More particularly, there is a need for thermoelectric materials exhibiting an

enhanced figure-of-merit.

[0007] A thermoelectric device may include a semiconductor substrate having a mesh (e.g., a

plurality of holes) disposed between electrodes of the thermoelectric device. The holes of the



mesh can have dimensions on the order of nanometers. In some cases, the holes can be filled

with a metallic material, semiconductor, or insulator to provide inclusions. The inclusions can

have dimensions on the order of nanometers.

[0008] In some cases, a thermoelectric device can include a semiconductor substrate and an

array of nanostructures, such as wires or holes. The wires or holes may have dimensions on the

order of nanometers, e.g., nanowires or nanoholes. The nanostructures can have a high aspect

ratio and can be monodisperse. In some cases, the nanostructures are anchored to a

semiconductor substrate, such as a silicon substrate.

[0009] The disclosure provides vapor phase methods for forming thermoelectric devices. In

some cases, thermoelectric devices are formed with the aid of reactive species in the vapor

phase. In other cases, thermoelectric devices are formed with the aid of reactive species in the

vapor and liquid phases.

[0010] The performance of a thermoelectric device of the disclosure may be related to the

properties and characteristics of holes and/or wires of thermoelectric elements of the device. In

some cases, optimum device performance may be achieved for an element having holes or wires,

an individual hole or wire having a surface roughness between about 0.1 nm and 50 nm, or 1 nm

and 20 nm, or 1 nm and 10 nm, as measured by transmission electron microscopy (TEM). In

some cases, a thermoelectric element may have a residual metal content between about

0.000001% and 25%, as measured by x-ray photoelectron spectroscopy (XPS). Such a metal

may be adsorbed on a surface of the thermoelectric elements, such as exposed surfaces of holes

or wires of the thermoelectric element.

[0011] In an aspect of the present disclosure, a method for forming a thermoelectric device

comprises forming a mask adjacent to a substrate, the mask having three-dimensional structures

distributed or otherwise provided within a polymer matrix. In some cases, the thermoelectric

device can include one or more intervening layers (e.g., oxide layer(s)) between the mask and the

substrate. In some cases, the three-dimensional structures may be phase-separated in the

polymer matrix. The three-dimensional structures or the polymer matrix are then removed to

expose portions of the substrate. Next, an etching layer is deposited adjacent to exposed portions

of the substrate. The etching layer may include an etching material, such as a metallic material.

The substrate is then catalytically etched using an oxidizing agent and a chemical etchant (also

"etchant" herein). The etching layer and the substrate can be exposed to the oxidizing agent

and/or etchant through gas phase exposure (e.g., the oxidizing agent and/or etchant are provided

in the vapor phase).



[0012] In an embodiment, the three-dimensional structures are selectively removed in

relation to the polymer matrix. In another embodiment, catalytically etching the substrate forms

holes in the substrate. In another embodiment, an etch block layer is deposited on exposed

portions of the substrate before depositing the etching layer, and the mask is removed. In

another embodiment, the etch block layer comprises a material that reduces an etch rate of

portions of the substrate that are adjacent to the etch block layer. In another embodiment, the

etch block layer comprises chromium, molybdenum, tungsten, titanium, niobium, or

combinations thereof. In another embodiment, catalytically etching the substrate forms wires in

the substrate. In another embodiment, catalytically etching the substrate forms holes in the

substrate. In another embodiment, the etching layer comprises gold, silver, platinum, chromium,

molybdenum, tungsten, palladium, and/or other noble metals. In some embodiments, the etching

layer comprises any combinations or alloys of gold, silver, platinum, chromium, molybdenum,

tungsten, palladium, and/or other noble metals. In another embodiment, the three-dimensional

structures are formed of a polymeric material. In another embodiment, the three-dimensional

structures are formed of a block copolymer. In another embodiment, the mask is removed to

expose portions of the substrate. In another embodiment, the substrate comprises one or more

semiconductors. In another embodiment, the substrate comprises a layer of one or more

semiconductors and one or more intervening layers adjacent to the layer.

[0013] In yet another aspect of the present disclosure, a method for forming a thermoelectric

device comprises providing a polymer matrix adjacent to a substrate, the polymer matrix having

three-dimensional structures phase-separated therein. Next, one of the three-dimensional

structures and the polymer matrix is selectively removed in relation to the other to provide a

mask that includes (i) a plurality of holes in the polymer matrix or (ii) the three-dimensional

structures disposed adjacent to the substrate. The mask exposes portions of the substrate. The

mask has a pattern that is characterized by the distribution of the plurality of holes or three-

dimensional structures. Next, the pattern is catalytically transferred to the substrate by exposing

the substrate to an oxidizing agent and a chemical etchant. One or both of the oxidizing agent

and the chemical etchant can be exposed to the substrate through vapor phase exposure (e.g., the

oxidizing agent and/or chemical etchant, as gases, can be brought in contact with the substrate).

[0014] Another aspect of the disclosure provides a method for forming a thermoelectric

element, comprising (a) providing a substrate in a reaction space, the substrate having a pattern

of a metallic material adjacent to the substrate, wherein the metallic material is configured to

catalyze the oxidation of the substrate; and (b) exposing the metallic material to a gas having an



oxidizing agent and a chemical etchant to form holes in or wires from the substrate. In some

cases, both holes and wires can be formed in the substrate.

[0015] Another aspect of the disclosure provides a method for forming a thermoelectric

element, comprising (a) providing a substrate in a reaction space, the substrate having a pattern

of a metallic material adjacent to the substrate, wherein the metallic material is configured to

catalyze the oxidation of the substrate; and (b) contacting the metallic material with a vapor

phase oxidizing agent and a vapor phase chemical etchant to form holes in or wires from the

substrate.

[0016] Another aspect of the disclosure provides a method for forming a thermoelectric

element, comprising contacting a metallic material adjacent to a substrate with a vapor phase

oxidizing agent and a vapor phase chemical etchant to form holes in or wires from the substrate

at an etch rate of at least about 0 .1 nanometer/second at an aspect ratio of at least about 20: 1.

[0017] Another aspect of the present disclosure provides a method for forming a

thermoelectric element that can be employed for use in a thermoelectric device or system. The

method comprises (a) providing a substrate in a reaction space, wherein the substrate comprises a

semiconductor material, wherein the substrate has a pattern of a metallic material adjacent to the

substrate, which metallic material is configured to catalyze the oxidation of the substrate; (b)

exposing the metallic material to a vapor phase oxidizing agent and a vapor phase chemical

etchant; and (c) etching the substrate at an etch rate of at least about 0.01 micrometers/second to

form holes in or wires from the substrate, thereby forming the thermoelectric element. In some

embodiments, each of the holes or wires has an aspect ratio of at least about 20: 1. In some

embodiments, each of the holes or wires has an aspect ratio of at least about 1000: 1. In some

embodiments, the metallic material is exposed to the gas for a time period between about 30

seconds and 60 hours. In some embodiments, a ratio of oxidizing agent to chemical etchant in

the gas is at least about 2:1. In some embodiments, the substrate is heated to a temperature

between about -50°C and 200°C. In some embodiments, the gas is heated to a temperature

between about -50°C and 200°C. In some embodiments, the metallic material comprises gold,

silver, platinum, chromium, molybdenum, tungsten, palladium, or combinations thereof. In

some embodiments, the substrate is etched at an etch rate of at least about 0.1

micrometers/second. In some embodiments, operation (a) further comprises: providing a mask

adjacent to the substrate; forming a pattern of holes in the mask, wherein an individual hole

exposes an oxide layer adjacent to the substrate; exposing the oxide layer to a vapor phase

etchant to remove the oxide layer; depositing the metallic material adjacent to the substrate; and

removing the mask. In some embodiments, the vapor phase etchant is hydrofluoric acid. In



some embodiments, the metallic material is deposited through vapor phase deposition. In some

embodiments, the method further comprises forming a passivation layer on an underside of the

substrate prior to etching the substrate. In some embodiments, the method further comprises

applying an electric field across the substrate while etching the substrate. In some embodiments,

the substrate is exposed to the vapor phase oxidizing agent and the vapor phase chemical etchant

simultaneously. In some embodiments, the substrate is exposed to the vapor phase oxidizing

agent and the vapor phase chemical etchant alternately and sequentially. In some embodiments,

the vapor oxidizing agent and the vapor phase chemical etchant are in the supercritical phase. In

some embodiments, the vapor phase oxidizing agent is selected from the group consisting of 0 2,

O3, N0 2 and H 0 2. In some embodiments, the vapor phase chemical etchant is selected from the

group consisting of HF, HCl, HBr and HI. In some embodiments, the thermoelectric element has

a figure-of-merit of at least about 0.5.

[0018] Another aspect of the present disclosure provides a method for forming a

thermoelectric element that can be employed for use in a thermoelectric device or system. The

method comprises contacting a metallic material adjacent to a substrate with a vapor phase

oxidizing agent and a vapor phase chemical etchant to form holes in or wires from the substrate

at an etch rate of at least about 0.1 nanometer/second to form the thermoelectric element,

wherein the holes or wires have an aspect ratio of at least about 20:1, and wherein surfaces of the

substrate exposed by the holes or wires have a roughness between about 0.5 nanometers (nm)

and 50 nm across the holes or wires as measured by transmission electron microscopy. In some

embodiments, the aspect ratio of at least about 1000:1. In some embodiments, an individual hole

or wire has a surface with a metal content of at least about 0.000001% as measured by x-ray

photoelectron spectroscopy (XPS). In some embodiments, the substrate is simultaneously

contacted with the vapor phase oxidizing agent and the vapor phase chemical etchant. In some

embodiments, the substrate is alternately and sequentially contacted with the vapor phase

oxidizing agent and the vapor phase chemical etchant. In some embodiments, the vapor phase

oxidizing agent is selected from the group consisting of 0 2, O3, N0 2 and H 0 2. In some

embodiments, the vapor phase chemical etchant is selected from the group consisting of HF,

HCl, HBr and HI. In some embodiments, the thermoelectric element has a figure-of-merit of at

least about 0.5.

[0019] Another aspect of the present disclosure provides a method for forming a

thermoelectric element that can be employed for use in a thermoelectric device or system. The

method comprises (a) providing particles of a metallic material adjacent to a substrate, wherein

the particles of the metallic material each has an Euler Characteristic < 2; and (b) exposing the



particles to an oxidizing agent and a chemical etchant to catalytically etch the substrate at an etch

rate of at least about 0.01 micrometers/second to form holes in or wires from the substrate,

thereby forming a thermoelectric element of the thermoelectric device. In some embodiments,

operation (a) further comprises providing a mask adjacent to the substrate, the mask having an

array of holes; depositing a layer of the metallic material adjacent to the mask and exposed

portions of the substrate; and removing the mask to provide the particles of the metallic material

adjacent to the substrate. In some embodiments, providing the mask further comprises forming

the mask adjacent to the substrate, the mask having three-dimensional structures phase-separated

in a polymer matrix; and removing the three-dimensional structures, thereby providing the holes

in the polymer matrix, which holes expose portions of the substrate. In some embodiments, the

metallic material comprises gold, silver, platinum, chromium, molybdenum, tungsten, palladium,

or combinations thereof. In some embodiments, the particles are exposed to the oxidizing agent

and the etchant in the gas phase. In some embodiments, the oxidizing agent and the etchant are

in the supercritical phase. In some embodiments, each of the particles of the metallic material

has an Euler Characteristic equal to zero. In some embodiments, the oxidizing agent is selected

from the group consisting of 0 2, O3, N0 and H20 . In some embodiments, the chemical etchant

is selected from the group consisting of HF, HC1, HBr and HI. In some embodiments, the

thermoelectric element has a figure -of-merit of at least about 0.5.

[0020] Another aspect of the present disclosure provides a system for forming a

thermoelectric element, comprising one or more computer processors ("processors") and

memory (or memory location) comprising machine executable code that, upon execution by the

one or more computer processors, implements any of the methods above or elsewhere herein.

[0021] Another aspect of the present disclosure provides machine executable code that, upon

execution by one or more computer processors, implements any of the methods above or

elsewhere herein.

[0022] Another aspect of the disclosure provides a system for forming a thermoelectric

element, comprising: (a) a reaction space having a substrate holder that is configured to hold a

substrate; (b) a first vapor source in fluid communication with the reaction space, wherein the

first vapor source supplies an oxidizing agent; (c) a second vapor source in fluid communication

with the reaction space, wherein the second vapor source supplies a chemical etchant; and (d) a

controller having a computer processor that is programmed to execute machine -readable

instructions, which when executed by the processor can implement any of the methods provided

herein, alone or in combination. In some examples, the machine -readable instruction implement

a method comprising (i) contacting an etching layer adjacent to a substrate in the reaction space



with the vapor phase oxidizing agent from the first vapor source; and (ii) contacting the etching

layer with the chemical etchant from the second vapor source.

[0023] Additional aspects and advantages of the present disclosure will become readily

apparent to those skilled in this art from the following detailed description, wherein only

illustrative embodiments of the present disclosure are shown and described. As will be realized,

the present disclosure is capable of other and different embodiments, and its several details are

capable of modifications in various obvious respects, all without departing from the disclosure.

Accordingly, the drawings and description are to be regarded as illustrative in nature, and not as

restrictive.

INCORPORATION BY REFERENCE

[0024] All publications, patents, and patent applications mentioned in this specification are

herein incorporated by reference to the same extent as if each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The novel features of the invention are set forth with particularity in the appended

claims. A better understanding of the features and advantages of the present invention will be

obtained by reference to the following detailed description that sets forth illustrative

embodiments, in which the principles of the invention are utilized, and the accompanying

drawings of which:

[0026] FIG. 1 shows a thermoelectric device;

[0027] FIG. 2 is a schematic perspective view of a thermoelectric element, in accordance

with an embodiment of the present disclosure;

[0028] FIG. 3 is a schematic top view of the thermoelectric element of FIG. 2, in accordance

with an embodiment of the present disclosure;

[0029] FIG. 4 is a schematic side view of the thermoelectric element of FIGs. 2 and 3, in

accordance with an embodiment of the present disclosure;

[0030] FIG. 5 is a schematic perspective top view of a thermoelectric element, in accordance

with an embodiment of the present disclosure;

[0031] FIG. 6 is a schematic perspective top view of the thermoelectric element of FIG. 5, in

accordance with an embodiment of the present disclosure;

[0032] FIG. 7 is a schematic perspective view of a thermoelectric device comprising

elements having an array of wires, in accordance with an embodiment of the present disclosure;



[0033] FIG. 8 is a schematic perspective view of a thermoelectric device comprising

elements having an array of holes, in accordance with an embodiment of the present disclosure;

[0034] FIG. 9 is a schematic perspective view of a thermoelectric device comprising

elements having an array of holes that are oriented perpendicularly with respect to the vector V,

in accordance with an embodiment of the present disclosure;

[0035] FIG. 10 shows a process for forming a thermoelectric device, in accordance with an

embodiment of the present disclosure;

[0036] FIGs. 1lA-1 1C schematically illustrates a process for catalytically forming an array

of holes, in accordance with an embodiment of the present disclosure;

[0037] FIG. 12 schematically illustrates a process for forming a pattern of holes, in

accordance with an embodiment of the present disclosure;

[0038] FIG. 13 schematically illustrates a process for forming a pattern of wires, in

accordance with an embodiment of the present disclosure;

[0039] FIG. 14 schematically illustrates a system for forming a thermoelectric device, in

accordance with an embodiment of the present disclosure; and

[0040] FIG. 15A-15C show catalyst particles with various Euler Characteristics.

DETAILED DESCRIPTION

[0041] While various embodiments of the invention have been shown and described herein,

it will be obvious to those skilled in the art that such embodiments are provided by way of

example only. Numerous variations, changes, and substitutions may occur to those skilled in the

art without departing from the invention. It should be understood that various alternatives to the

embodiments of the invention described herein may be employed in practicing the invention.

[0042] Disclosure of ranges herein includes disclosure of all values and further divided

ranges within the entire range, including endpoints given for the ranges.

[0043] The term "nanostructure," as used herein, generally refers to structures having a first

dimension (e.g., width) along a first axis that is less than about 1 micrometer ("micron") in size.

Along a second axis orthogonal to the first axis, such nanostructures can have a second

dimension from nanometers or smaller to microns, millimeters or larger. In some cases, the first

dimension (e.g., width) is less than about 1000 nanometers ("nm"), or 500 nm, or 100 nm, or 50

nm, or smaller. Nanostructures can include holes formed in a substrate material. The holes can

together form a mesh having an array of holes. In other cases, nanostructure can include rod-like

structures, such as wires, cylinders or box-like structures. The rod-like structures can have

circular, elliptical, triangular, square, rectangular, pentagonal, hexagonal, heptagonal, octagonal

or nonagonal, or other cross-sections.



[0044] The term "nanohole," as used herein, generally refers to a hole, filled or unfilled,

having a width or diameter less than about 1000 nanometers ("nm"), or 500 nm, or 100 nm, or 50

nm, or smaller. A nanohole filled with a metallic, semiconductor, or insulating material can be

referred to as a "nanoinc fusion."

[0045] The term "n-type," as used herein, generally refers to a material that is chemically

doped ("doped") with an n-type dopant. For instance, silicon can be doped n-type using

phosphorous or arsenic.

[0046] The term "p-type," as used herein, generally refers to a material that is doped with an

p-type dopant. For instance, silicon can be doped p-type using boron or aluminum.

[0047] The term "metallic," as used herein, generally refers to a substance exhibiting

metallic properties. A metallic material can include one or more elemental metals.

[0048] The term "monodisperse," as used herein, generally refers to features having shapes,

sizes (e.g., widths, cross-sections, volumes) or distributions (e.g., nearest neighbor spacing,

center-to-center spacing) that are similar to one another. In some examples, monodisperse

features (e.g., holes, wires) have shapes or sizes that deviate from one another by at most about

20%, 15%, 10%, 5%, 4%, 3%, 2%, 1%, 0.5%, or 0.1%. In some cases, monodisperse features

are substantially monodisperse.

[0049] The term "etching material," as used herein, generally refers to a material that

facilitates the etching of substrate (e.g., semiconductor substrate) adjacent to the etching

material. In some examples, an etching material catalyzes the etching of a substrate upon

exposure of the etching material to an oxidizing agent and a chemical etchant. The term "etching

layer," as used herein, generally refers to a layer that comprises an etching material.

[0050] The term "etch block material," as used herein, generally refers to a material that

blocks or otherwise impedes the etching of a substrate adjacent to the etch block material. An

etch block material may provide a substrate etch rate that is reduced, or in some cases

substantially reduced, in relation to a substrate etch rate associated with an etching material. The

term "etch block layer," as used herein, generally refers to a layer that comprises an etch block

material.

[0051] The term "reaction space," as used herein, generally refers to any environment

suitable for the formation of a thermoelectric device or a component of the thermoelectric

device. A reaction space can be suitable for the deposition of a material film or thin film

adjacent to a substrate, or the measurement of the physical characteristics of the material film or

thin film. A reaction space may include a chamber, which may be a chamber in a system having

a plurality chambers. The system may include a plurality of fluidically separated (or isolated)



chambers. The system may include multiple reactions spaces, with each reaction space being

fluidically separated from another reaction space. A reaction space may be suitable for

conducting measurements on a substrate or a thin film formed adjacent to the substrate.

[0052] The term "adjacent" or "adjacent to," as used herein, includes 'next to', 'adjoining',

'in contact with', and 'in proximity to'. In some instances, adjacent components are separated

from one another by one or more intervening layers. The one or more intervening layers may

have a thickness less than about 10 micrometers ("microns"), 1 micron, 500 nanometers ("nm"),

100 nm, 50 nm, 10 nm, 1 nm, 0.5 nm or less. For example, a first layer adjacent to a second

layer can be in direct contact with the second layer. As another example, a first layer adjacent to

a second layer can be separated from the second layer by at least a third layer.

[0053] Some embodiments provide thermoelectric devices having thermoelectric elements,

each element having an array of nanostructures. Individual thermoelectric elements can be

electrically connected to one another. The array of nanostructures is formed by transferring a

pattern provided in a template to a substrate adjacent to the template to form a thermoelectric

element having the array of nanostructures. The array of nanostructures can include a plurality

of holes (e.g., nanoholes) or elongate structures, such as wires (e.g., nanowires).

Thermoelectric devices

[0054] The present disclosure provides thermoelectric devices that can be employed for use

in various applications, such as heating and/or cooling applications, or power generation.

Thermoelectric devices of the present disclosure have various non-limiting advantages and

benefits, such as substantially high aspect ratios, uniformity of holes or wires, and figure -of-

merit, ZT, that can be suitable for optimum thermoelectric device performance. With respect to

the figure-of-merit, Z can be an indicator of coefficient-of-performance (COP) and the efficiency

of a thermoelectric device, and T can be an average temperature of the hot and the cold sides of

the thermoelectric device. In some embodiments, the figure-of-merit (ZT) of a thermoelectric

element or thermoelectric device is at least about 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,

1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, or 3.0. In

some case, the figure-of-merit is between about 0.01 and 3, or 0.1 and 2.5, or 0.5 and 2.0.

[0055] FIG. 1 shows a thermoelectric device 100, in accordance with an embodiment of the

present disclosure. The thermoelectric device 100 includes n-type 101 and p-type 102

thermoelectric elements (also "elements" herein) disposed between a first set of electrodes 103

and a second set of electrodes 104 of the thermoelectric device 100. The first set of electrodes

103 connect adjacent n-type 101 and p-type elements, as illustrated.



[0056] The electrodes 103 and 104 are in contact with a hot side material 105 and a cold side

material 106 respectively. In some embodiments, the hot side material 105 and cold side

material 106 are electrically insulating but thermally conductive. The application of an electrical

potential to the electrodes 103 and 104 leads to the flow of current, which generates a

temperature gradient (∆Τ) across the thermoelectric device 100. The temperature gradient (∆Τ)

extends from a first temperature (average), Tl, at the hot side material 105 to a second

temperature (average), T2, at the cold side material 106, where Tl > T2. The temperature

gradient can be used for heating and cooling purposes.

[0057] The n-type 101 and p-type 102 elements of the thermoelectric device 100 can

comprise or be formed of nanostructures. In some situations, the nanostructures are holes or

inclusions, which can be provided in an array of holes (e.g., mesh). In other situations, the

nanostructures are rod-like structures, such as nanowires. In some cases, the rod-like structures

are laterally separated from one another.

[0058] In some cases, the n-type 101 and/or p-type 102 elements are formed of an array of

wires or holes oriented along the direction of the temperature gradient. That is, the wires extend

from the first set of electrodes 103 to the second set of electrodes 104. In other cases, the n-type

101 and/or p-type 102 elements are formed of an array of holes oriented along a direction that is

angled between about 0° and 90° in relation to the temperature gradient. In an example, the array

of holes is orthogonal to the temperature gradient.

[0059] FIG. 2 is a schematic perspective view of a thermoelectric element 200 having an

array of holes 201 (select holes circled), in accordance with an embodiment of the present

disclosure. The array of holes can be referred to as a "nanomesh" herein. FIGs. 3 and 4 are

perspective top and side views of the thermoelectric element 200. The element 200 can be an n-

type or p-type element, as described elsewhere herein. The array of holes 201 includes

individual holes 201a that can have widths from several nanometers or less up to microns,

millimeters or more. In some embodiments, the holes have widths (or diameters, if circular)

("d") between about 1 nm and 500 nm, or 5 nm and 100 nm, or 10 nm and 30 nm. The holes can

have lengths ("L") from about several nanometers or less up to microns, millimeters or more. In

some embodiments, the holes have lengths between about 0.5 microns and 1 centimeter, or 1

micron and 500 millimeters, or 10 microns and 1 millimeter.

[0060] The holes 201a are formed in a substrate 200a. In some cases, the substrate 200a is a

solid state material, such as e.g., carbon, silicon, germanium, gallium arsenide, aluminum

gallium arsenide, silicides, silicon germanium, bismuth telluride, lead telluride, oxides (e.g.,

SiOx, where 'x' is a number greater than zero), gallium nitride and tellurium silver germanium



antimony (TAGS) containing alloys. The substrate 200a may be formed of a semiconductor

material comprising one or more semiconductors. The semiconductor material can be doped n-

type or p-type for n-type or p-type elements, respectively.

[0061] In some cases, the holes 201a are filled with a gas, such as He, Ne, Ar, N2, H2, C0 ,

0 , or a combination thereof. In other cases, the holes 201a are under vacuum. Alternatively,

the holes may be filled (e.g., partially filled or completely filled) with a semiconductor material,

an insulating (or dielectric) material, or a gas (e.g., He, Ar, H , N2, C0 2) .

[0062] A first end 202 and second end 203 of the element 200 can be in contact with a

substrate having a semiconductor-containing material, such as silicon or a silicide. The substrate

can aid in providing an electrical contact to an electrode on each end 202 and 203. Alternatively,

the substrate can be precluded, and the first end 202 and second end 203 can be in contact with a

first electrode (not shown) and a second electrode (not shown), respectively.

[0063] In some embodiments, the holes 201a are substantially monodisperse. Monodisperse

holes may have substantially the same size, shape and/or distribution (e.g., cross-sectional

distribution). In other embodiments, the holes 201a are distributed in domains of holes of

various sizes, such that the holes 201a are not necessarily monodisperse. For example, the holes

201a may be polydisperse. In some situations, the device 200 includes a first set of holes with a

first diameter and a second set of holes with a second diameter. The first diameter is larger than

the second diameter. In other cases, the device 200 includes two or more sets of holes with

different diameters.

[0064] The holes 201a can have various packing arrangements. In some cases, the holes

201a, when viewed from the top (see FIG. 3), have a hexagonal close-packing arrangement.

[0065] In some embodiments, the holes 201a in the array of holes 201 have a center-to-

center spacing between about 1 nm and 500 nm, or 5 nm and 100 nm, or 10 nm and 30 nm. In

some cases, the center-to-center spacing is the same, which may be the case for monodisperse

holes 201a. In other cases, the center-to-center spacing can be different for groups of holes with

various diameters and/or arrangements.

[0066] The dimensions (lengths, widths) and packing arrangement of the holes 201, and the

material and doping configuration (e.g., doping concentration) of the element 200 can be

selected to effect a predetermined electrical conductivity and thermal conductivity of the element

200, and a thermoelectric device having the element 200. For instance, the diameters and

packing configuration of the holes 201 can be selected to minimize the thermal conductivity, and

the doping concentration can be selected to maximize the electrical conductivity of the element

200.



[0067] The array of holes 201 can have an aspect ratio (e.g., the length of the element 200

divided by width of an individual hole 201a) of at least about 1.5 :1, or 2:1, or 5:1, or 10:1, or

20:1, or 50:1, or 100:1, or 1000:1, or 5,000:1, or 10,000:1, or 100,000:1, or 1,000,000:1, or

10,000,000:1, or 100,000,000:1, or more.

[0068] In some embodiments, thermoelectric elements can include an array of wires. The

array of wires can include individual wires that are, for example, rod-like structures.

[0069] FIG. 5 is a schematic perspective top view of a thermoelectric element 500, in

accordance with an embodiment of the present disclosure. FIG. 6 is a schematic perspective top

view of the thermoelectric element 500. The thermoelectric element 500 may be used with

devices, systems and methods provided herein. The element 500 includes an array of wires 501

having individual wires 501a. In some embodiments, the wires have widths (or diameters, if

circular) ("d") between about 1 nm and 500 nm, or 5 nm and 100 nm, or 10 nm and 30 nm. The

wires can have lengths ("L") from about several nanometers or less up to microns, millimeters or

more. In some embodiments, the wires have lengths between about 0.5 microns and 1

centimeter, or 1 micron and 500 millimeters, or 10 microns and 1 millimeter.

[0070] In some embodiments, the wires 501a are substantially monodisperse. Monodisperse

wires may have substantially the same size, shape and/or distribution (e.g., cross-sectional

distribution). In other embodiments, the wires 501a are distributed in domains of wires of

various sizes, such that the wires 501a are not necessarily monodisperse. For example, the wires

501a may be polydisperse.

[0071] In some embodiments, the wires 501a in the array of wires 501 have a center-to-

center spacing between about 1 nm and 500 nm, or 5 nm and 100 nm, or 10 nm and 30 nm. In

some cases, the center-to-center spacing is the same, which may be the case for monodisperse

wires 501 . In other cases, the center-to-center spacing can be different for groups of wires with

various diameters and/or arrangements.

[0072] In some embodiments, the wires 501a are formed of a semiconductor material, such

as, e.g., silicon, germanium, gallium arsenide, aluminum gallium arsenide, silicide alloys, alloys

of silicon germanium, bismuth telluride, lead telluride, oxides (e.g., SiOx, where 'x' is a number

greater than zero), gallium nitride and tellurium silver germanium antimony (TAGS) containing

alloys. The wires 501a can be doped with an n-type dopant or a p-type dopant.

[0073] In some embodiments, the wires 501a are attached to semiconductor substrates at a

first end 502 and second end 503 of the element 500. The semiconductor substrates can have the

n-type or p-type doping configuration of the individual wires 501a. In other embodiments, the

wires 501a at the first end 502 and second end 503 are not attached to semiconductor substrates,



but can be attached to electrodes. For instance, a first electrode (not shown) can be in electrical

contact with the first end 502 and a second electrode can be electrical contact with the second

end 503.

[0074] With reference to FIG. 6, space 504 between the wires 501a may be filled with a

vacuum or various materials. In some embodiments, the wires are laterally separated from one

another by an electrically insulating material, such as a silicon dioxide, germanium dioxide,

gallium arsenic oxide, spin on glass, and other insulators deposited using, for example, vapor

phase deposition, such as chemical vapor deposition or atomic layer deposition. In other

embodiments, the wires are laterally separated from one another by vacuum or a gas, such as He,

Ne, Ar, N2, H2, C0 2, 0 2, or a combination thereof.

[0075] The array of wires 501 can have an aspect ratio—length of the element 500 divided

by width of an individual wire 501a—of at least about 1.5:1, or 2:1, or 5:1, or 10:1, or 20:1, or

50:1, or 100:1, or 1000:1, or 5,000:1, or 10,000:1, or 100,000:1, or 1,000,000:1, or 10,000,000:1,

or 100,000,000:1, or more. In some cases, the length of the element 500 and the length of an

individual wire 501a are substantially the same.

[0076] Thermoelectric elements provided herein can be incorporated in thermoelectric

devices for use in cooling and/or heating and, in some cases, power generation. In some

examples, the device 100 may be used as a power generation device. In an example, the device

100 is used for power generation by providing a temperature gradient across the electrodes and

the thermoelectric elements of the device 100.

[0077] FIG. 7 shows a thermoelectric device 700 having n-type elements 701 and p-type

elements 702, in accordance with an embodiment of the present disclosure. The n-type elements

701 and p-type elements 702 each include an array of wires, such as nanowires. An array of

wires can include a plurality of wires. The n-type elements 701 include n-type (or n-doped)

wires and the p-type elements 702 include p-type wires. The wires can be nanowires or other

rod-like structures.

[0078] Adjacent n-type elements 701 and p-type elements 702 are electrically connected to

one another at their ends using electrodes 703 and 704. The device 700 includes a first thermally

conductive, electrically insulating layer 705 and a second thermally conductive, electrically

insulating layer 706 at opposite ends of the elements 701 and 702.

[0079] The device 700 includes terminals 707 and 708 that are in electrical communication

with the electrodes 703 and 704. The application of an electrical potential across the terminals

707 and 708 generates a flow of electrons and holes in the n-type and p-type elements 701 and

702, respectively, which generates a temperature gradient across the elements 701 and 702. The



first thermally conductive, electrically insulating layer 705 is a cold side of the device 700; the

second thermally conductive, electrically insulating layer 706 is a hot side of the device 700.

The cold side is cooler (i.e., has a lower operating temperature) than the hot side.

[0080] FIG. 8 shows a thermoelectric device 800 having n-type elements 801 and p-type

elements 802, in accordance with an embodiment of the present disclosure. The n-type elements

801 and p-type elements 802 are formed in n-type and p-type semiconductor substrates,

respectively. Each substrate can include an array of holes, such as nanoholes. The array of holes

each include a plurality of holes. An individual hole can span the length of an n-type or p-type

element. The holes can be monodisperse, in which case hole dimensions and center-to-center

spacing may be substantially constant. In some cases, the array of holes includes holes with

center-to-center spacing and hole dimensions (e.g., widths or diameters) that may be different.

In such a case, the holes may not be monodisperse.

[0081] Select n-type elements 801 and p-type elements 802 are electrically connected to one

another at their ends by electrodes 803 and 804. The device 800 includes a first thermally

conductive, electrically insulating layer ("first layer") 805 and a second thermally conductive,

electrically insulating layer ("second layer") 806 at opposite ends of the elements 801 and 802.

[0082] The device 800 includes terminals 807 and 808 that are in electrical communication

with the electrodes 803 and 804. The application of an electrical potential across the terminals

807 and 808 generates the flow of electrons and holes in the n-type and p-type elements 801 and

802, respectively, which generates a temperature gradient across the elements 801 and 802. The

first thermally conductive, electrically insulating layer 805 is a cold side of the device 800; the

second thermally conductive, electrically insulating layer 806 is a hot side of the device 800.

The cold side is cooler (i.e., has a lower operating temperature) than the hot side.

[0083] The thermoelectric device 800 has a temperature gradient from the second thermally

conductive, electrically insulating layer 806 to the first thermally conductive, electrically

insulating layer 805. In some cases, the holes are disposed parallel to a vector oriented from the

first layer 805 to the second layer 806. In other cases, the holes are disposed at an angle greater

than 0 ° in relation to the vector. For instance, the holes can be disposed at an angle of at least

about 1°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, or 90° in relation to the vector.

[0084] FIG. 9 shows a thermoelectric device 900 having n-type elements 901 and p-type

elements 902, with the elements having holes formed in substrates of the n-type and p-type

elements. The holes are oriented perpendicular to a vector ("V") orthogonal to the electrodes

903 and 904 of the device 900.



[0085] Wires or holes of thermoelectric elements provided herein may be formed in a

substrate and oriented substantially anti-parallel to a support structure, such as an electrode. In

some examples, the wires or holes are oriented at an angle greater than 0°, or 10°, or 20°, or 30°,

or 40°, or 50°, or 60°, or 70°, or 80°, or 85° in relation to the support structure. In an example, the

wires or holes are oriented at an angle of about 90° in relation to the support structure. The

electrode may be an electrode of a thermoelectric device. In some cases, wires or holes may be

oriented substantially parallel to the electrode.

Methods for forming thermoelectric devices

[0086] Another aspect of the present disclosure provides methods for forming holes in or

wires from a substrate. In some cases, the methods comprise defining, with the aid of a metallic

material, a pattern to be transferred to a substrate, and catalytically etching the substrate to define

the pattern in the substrate.

[0087] A thermoelectric device having a plurality of holes or wires can be formed by initially

forming a mask (or template) adjacent to a substrate. The mask can comprise a polymer matrix

having three-dimensional structures distributed or otherwise provided therein. In some

examples, the three-dimensional structures are phase-separated in the polymer matrix. In some

examples, three-dimensional structures phase-separated in the polymer matrix are immiscible in

the polymer matrix. The three-dimensional structures may agglomerate (or coalesce) in the

polymer matrix. The three-dimensional structures may be formed of a polymeric material that is

different from the material comprising the polymer matrix. In some cases, the three-dimensional

structures are formed of a block copolymer. The three-dimensional structures may each be

formed of a block copolymer. An individual three-dimensional structure, in some examples,

includes three-dimensional rods or cylinders. The rods or cylinders can extend through the

mask.

[0088] Next, the three-dimensional structures are removed to provide a plurality of holes

exposing portions of the substrate. Exposed portions of the substrate can directly expose the

substrate to a reaction space, or expose one or more intervening layers between the substrate and

the reaction space, such as, for example, an oxide of the material comprising the substrate (e.g.,

native oxide). In some cases, the three-dimensional structures are removed by selectively

etching the three dimensional structures in relation to the polymer matrix. The plurality of holes

defined a pattern. Next, an etching layer is deposited adjacent to the mask and exposed portions

of the substrate. The etching layer comprises an etching material that facilitates etching of the

substrate. The etching layer can be deposited using any vapor phase deposition technique, such

as, for example, physical vapor deposition (PVD) (e.g., sputtering, evaporation, electron-beam



evaporation), chemical vapor deposition (CVD) or atomic layer deposition (ALD). The mask is

then removed to leave the etching layer. The etching layer may include particles (e.g., metallic

particles) of the etching material adjacent to the substrate. The particles may be distributed in

accordance with the pattern. The etching layer is then exposed to an oxidizing agent and a

chemical etchant (also "etchant" herein) to form holes in the substrate. The oxidizing agent,

chemical etchant or both may be brought in contact with the etching layer in the gas phase. The

oxidizing agent can include one or more oxidizing chemicals. In some cases, the etching layer is

exposed to an oxidizing agent, chemical etchant and water (e.g., water vapor). The holes may

have shapes, sizes and distributions as described elsewhere herein. The holes, in some cases,

have dimensions on the order of nanometers to micrometers. In some cases, the holes are

nanoholes or nanoinclusions. The holes may define a nanomesh.

[0089] In some cases, particles of an etching layer can be deposited on or adjacent to a

substrate using a vapor deposition technique, such as PVD, without the use of a mask. The

particles may be distributed randomly over the substrate surface, or the distribution of particles

may be controlled to provide an ordered distribution of particles by controlling the deposition

temperature and/or pressure. The particles can include a metallic material that can catalyze

substrate etching when exposed to a chemical etchant (e.g., HF) and an oxidizing agent (e.g.,

H2O2) . In some examples, a sufficiently thin layer of a catalyst material is deposited on or

adjacent to the substrate such that the catalyst material breaks up or self-assembles into small

islands and clusters under ambient conditions (e.g., temperature of about 298 K) or under

annealing at an elevated temperature (e.g., temperature greater than or equal to about 300 K, 400

K, 500 K, or 600 K). The mean particle diameters and shapes, and particle distributions, can be

controlled with the deposition or annealing conditions, such as annealing temperature and

pressure. Another example of a mask-free approach involves depositing the catalyst metal

particles as colloidal particles (e.g. dip-coating, spray-coating, drop-casting) that can be prepared

with substantially precise control over the composition, size, shape, surface charge and inter-

particle distance. Additionally, certain particle preparations with carefully controlled surface

charge can enable layer-by-layer deposition and precise control over the surface coverage and

thickness of the deposited metal particle film. These particles can have capping surface ligands

or layers that can aid in preventing uncontrolled particle agglomeration. The capping surface

ligands or layers can be removed by annealing or plasma cleaning steps before exposing the

catalyst particles to an etchant mixture comprising a chemical etchant and an oxidizing agent, as

described elsewhere herein.



[0090] As an alternative, the pattern may be inverted to form wires in the substrate. In some

examples, prior to depositing the etching layer, an etch block layer is deposited on portions of

the substrate exposed through the holes in the mask. The etch block layer can be deposited with

the aid of a vapor phase deposition technique, such as CVD. The etch block layer can include an

etch block material that does not appreciably etch the substrate or, in some cases, etches the

substrate at an etch rate that is lower, or substantially reduced, in relation to the rate at which the

etching material etches the substrate. In some examples, the etch block layer prevents the

etching of the substrate. Next, the polymer matrix is removed to expose portion of the substrate.

The exposed portions of the substrate may have one or more intervening layers thereon, such as,

for example, a layer of an oxide (e.g., oxide of the substrate).

[0091] Next, the etching layer is deposited on exposed portions of the substrate. The etching

layer may also be deposited on the etch block layer. Portions of the etching layer may be at least

partially aligned with the etch block layer (or vice versa). In some examples, the etch block

layer may then be removed along with the overlying etching layer, such as with the aid of an

etching chemistry that is selective to the etch block layer. The etching chemistry may be a vapor

phase etching chemistry. Next, the etching layer is exposed to an oxidizing agent and an etchant

to form wires from the substrate. The oxidizing agent and the etchant may be provided in the gas

phase. The oxidizing agent can include one or more oxidizing chemicals. In some cases, the

etching layer is exposed to an oxidizing agent, chemical etchant and water (e.g., water vapor).

The etching material can serve as a catalyst to form the wires. The wires may be cylindrical. In

some case, the wires have widths (or diameters) on the order of nanometers to micrometers. The

wires may be nanowires.

[0092] The etching layer can include a metallic material having one or more elemental

metals. For instance, the etching layer can include a metallic material having one or more metals

selected from gold, silver, platinum, chromium, molybdenum, tungsten, osmium, iridium,

rhodium, ruthenium, palladium, copper, nickel and other metals (e.g., noble metals), and any

combinations thereof. In some examples, the etching material can be selected from gold, silver,

platinum, palladium, and other noble metals. In other examples, the etching material can include

a non-noble metal that can catalyze the decomposition of a chemical oxidant, such as, for

example, copper, nickel, or combinations thereof. As discussed elsewhere herein, in certain

embodiments, the etching layer can include a metallic material that may comprise any

combination or alloy of gold, silver, platinum, chromium, molybdenum, tungsten, palladium,

and/or other noble metals.



[0093] In some embodiments, the etching material facilitates the etching of the

semiconductor substrate. For instance, the etching material can catalytically facilitate the

etching of the semiconductor substrate (see, e.g., FIGs. 11 and 12). Etching of the

semiconductor substrate can be anisotropic, having an etch rate along an axis orthogonal to a

surface of the substrate that is greater than an etch rate along an axis parallel to the surface of the

substrate. In some examples, the etching material may catalyze the oxidation of a semiconductor

substrate to an oxide of the semiconductor (e.g., Si0 2) .

[0094] In some examples, a substrate comprising an etching layer is placed in an etching

chamber and an etchant mixture is exposed to the substrate at a composition (e.g., partial

pressure), pressure and/or temperature that can be selected to induce substrate etching. The

etching layer can comprise a pattern of catalyst particles. The composition (e.g., partial

pressure), pressure and/or temperature of the etching chamber and/or the etchant mixture can be

selected such that the etch rate of the substrate is at least about 0.1 nanometers (nm)/second (s),

0.5 nm/s, 1 nm/s, 2 nm/s, 3 nm/s, 4 nm/s, 5 nm/s, 6 nm/s, 7 nm/s, 8 nm/s, 9 nm/s, 10 nm/s, 20

nm s, 30 nm/s, 40 nm/s, 50 nm/s, 100 nm/s, 1000 nm/s, or 10,000 nm/s. The etchant mixture can

be supplied in the gas phase. As an alternative, the etchant mixture can be supplied in the

supercritical phase (or as a supercritical fluid). The etchant mixture can comprise a chemical

etchant (e.g., hydrogen fluoride, hydrogen chloride, hydrogen bromide, hydrogen iodide), an

oxidizing agent (e.g., hydrogen peroxide, oxygen), and a diluents (e.g. helium, argon, nitrogen,

carbon monoxide, water vapor, ethanol).

[0095] The etching layer may facilitate the etching of the substrate at a rate that is higher

than the rate at which the etch block layer etches the substrate (e.g., semiconductor substrate). In

some cases, there is substantially little or no appreciable etching of portions of the substrate that

are adjacent to etch block material upon, for example, exposure of the etch block material to an

oxidizing agent and an etchant.

[0096] In some embodiments, etch block material can be selected from elemental metals,

metalloids, non-metals, polymers, and combinations thereof. Examples of elemental metals for

use as etch block material layer include, without limitation, chromium, molybdenum, tungsten,

titanium, niobium, and combinations thereof. Non-metals may for use as etch block material

include carbon, semiconductors (e.g., silicon, germanium, gallium arsenide), composite

materials, derivatives thereof (e.g., oxides, nitrides), or combinations thereof. Examples of non-

metals include, without limitation, silicon dioxide, silicon nitride, silicon carbide, gallium oxide,

gallium nitride, gallium arsenide, derivatives thereof (e.g., silicides) and combinations thereof.

Examples of metalloids for use as etch block material include, without limitation, boron, silicon,



germanium, arsenic, antimony, tellurium and combinations thereof. Examples of polymers for

use as etch block material include, without limitation, polyimide, polycarbonate, polyethylene,

polypropylene, and combinations thereof.

[0097] The etch block material of the etch block layer and the etching material of the etching

layer can be selected such that, upon exposure of the etch block layer and the etching layer to an

oxidizing agent and a chemical etchant, the etching layer facilitates the etching of the

semiconductor substrate at a rate (substrate etch rate) that is higher in relation to the substrate

etch rate of the etch block layer. In some examples, a ratio of etching rates of portions of the

substrate adjacent to the etching layer in relation to portions of the substrate adjacent to the etch

block layer is at least about 1:2:1, 1.3:1, 1.4:1, 1:5:1, 2:1, 3:1, 4:1, 5:1, 10:1, 100:1, 500:1,

1000:1, 10,000:1, 100,000:1, 1,000,000:1.

[0098] In some embodiments, a method for forming a thermoelectric device having a

plurality of holes or wires comprises forming a mask (or template) adjacent to a substrate, the

mask having three-dimensional structures in a polymer matrix. The three-dimensional structures

may be phase-separated in the polymer matrix. In some cases, the three-dimensional structures

are formed of a block copolymer. The three-dimensional structures may each be formed of a

block copolymer. Next, the polymer matrix is removed (e.g., by etching the polymer matrix in

relation to the three-dimensional structures), thereby exposing portions of the substrate and

providing a plurality of free-standing three-dimensional structures adjacent to the substrate. The

matrix may be removed with the aid of an etching chemistry that is selective to the polymer

matrix —e.g., a chemistry that provides an etch rate of the polymer matrix that is greater than the

etch rate of the three-dimensional structures. The plurality of free-standing three-dimensional

structures of the mask may define a pattern for transfer to the substrate. An etching layer is then

deposited adjacent to the mask and exposed portions of the substrate. As described elsewhere

herein, exposed portions of the substrate can directly expose the substrate to a reaction space, or

expose one or more intervening layers between the substrate and the reaction space, such as, for

example, an oxide of the material comprising the substrate (e.g., native oxide). The free

standing three-dimensional structures are then removed and the etching layer is exposed to an

oxidizing agent and an etchant to form wires from the substrate. The material of the etching

layer may serve as a catalyst to form the wires. The wires may be cylindrical. In some case, the

wires have widths (or diameters) on the order of nanometers to micrometers. The wires may be

nanowires.

[0099] As an alternative, the pattern may be inverted to form holes in the substrate. In some

examples, prior to depositing the etching layer, an etch block layer is deposited adjacent to the



substrate and the free-standing three-dimensional structures. The etch block layer is formed of

an etch block material that etches the substrate at an etch rate that is lower or substantially

reduced in relation to the rate at which the etching material of the etching layer etches the

substrate. In some cases, the etch block layer prevents the etching of the substrate. Next, the

free-standing three-dimensional structures are removed to expose portion of the substrate. The

free-standing three-dimensional structures may be removed with the aid of chemical etching

and/or mechanical etching, such as, for example, chemical mechanical polishing or planarization

(CMP). The exposed portions of the substrate may have a layer of an oxide formed thereon,

such as a native oxide. The etching layer is then deposited on exposed portions of the substrate.

The etching layer may also be deposited on the etch block layer. Next, the etching layer is

exposed to an oxidizing agent and an etchant to form holes in the substrate. The material of the

etching layer may serve as a catalyst to form the holes. The holes may be cylindrical. In some

case, the holes have widths (or diameters) on the order of nanometers to micrometers. The holes

may be nanoholes.

[00100] In some situations, the template (or mask) is formed of a first polymeric material and

the three-dimensional structures defining the pattern are formed of a second polymeric material.

The second polymeric material is embedded in a matrix comprised of the first polymeric

material.

[00101] The first polymeric material can be formed of a material having a molecular weight

of at least about 1 kilodalton (kDa), or 2 kDa, or 3 kDa, or 4 kDa, or 5 kDa, or 6 kDa, or 7 kDa,

or 8 kDa, or 9 kDa, or 10 kDa, or 20 kDa, or 30 kDa, or 40 kDa, or 50 kDa, or 100 kDa, or 200

kDa, or more. In some situations, the first polymeric material has a molecular weight between

about 10 kDa and 80 kDa, or 20 kDa and 60 kDa, or 30 kDa and 50 kDa. In some embodiments,

the first polymeric material is polystyrene.

[00102] The second polymeric material can be formed of a material having a molecular

weight of at least about 1 kDa, or 2 kDa, or 3 kDa, or 4 kDa, or 5 kDa, or 6 kDa, or 7 kDa, or 8

kDa, or 9 kDa, or 10 kDa, or 20 kDa, or 30 kDa, or 40 kDa, or 50 kDa, or 100 kDa, or more. In

some situations, the second polymeric material has a molecular weight between about 5 kDa and

40 kDa, or 10 kDa and 30 kDa, or 15 kDa and 25 kDa. In some embodiments, the second

polymeric material is a block copolymer. In some cases, the second polymeric material can be

selected from poly(methyl methacrylate) (PMMA), poly(styrene-b-dimethylsiloxane) (PS-b-

PDMS), poly(styrene-b-ethylene oxide) (PS-b-PEO), poly(styrene-b-4-vinylpyridine) (PS-b-

P4VP), poly(styrene -block-. 2-vinylpyridine) (PS-b-P2VP), or mixtures thereof.



[00103] The second polymeric material can be removed with the aid of an etching chemistry

that may be selected based on the material comprising the second polymeric material and, in

some cases, the first polymeric material. For example, a second polymeric material formed of

PS-b-PDMS can be etched using hydrogen fluoride. As another example, a second polymeric

material formed of PS-b-PEO can be etched using hydrogen iodide. PMMA can be etched using

acetic acid. Etching chemistries for various polymeric materials can be found at, for example,

Silverstein, M.S., Cameron, N.R., & Hillmyer, M.A. (201 1), Porous Polymers, New Jersey: John

Wiley & Sons, Inc. which is entirely incorporated herein by reference.

[00104] The template can be used to form a pattern of holes or rod-like structures. An array

of holes can be formed in the substrate by providing a metallic material in the holes of the

template to define an array of particles (e.g., nanoparticles) adjacent to the substrate. With the

aid of the metallic material, the substrate can be etched to form a thermoelectric element having

an array of holes. Alternatively, an array of rod-like structure can be formed from the substrate

by etching, with the aid of a metallic material, the substrate relative to metallic particles adjacent

to the substrate to form a thermoelectric element having an array of rods (or wires).

[00105] In some embodiments, thermoelectric elements are formed by providing a template

adjacent to a substrate, such as a semiconductor (e.g., silicon) substrate. The template can be

formed of a polymeric material, such as a copolymer (e.g., block copolymer). In an example, a

template is formed by providing a block copolymer and forming an array of cylinders in the

block copolymer to define the template.

[00106] In some situations, a template (or mask) is formed by providing a polymeric mixture

having a first polymeric material and a second polymeric material, and spin coating the

polymeric mixture over a semiconductor substrate. Upon spin coating and thermal annealing,

the second polymeric mixture phase separates into domains of three-dimensional structures (e.g.,

cylindrical structures) that define a pattern in the template. Such phase separation can include

the three-dimensional structures agglomerating into domains. The three-dimensional structures

are disposed in a polymeric matrix having the first polymeric material. Next, to form an array of

holes (see, e.g., FIG. 2) in the substrate, the three-dimensional structures can be etched to reveal

the substrate, and the array of holes can be catalytically transferred to the substrate to provide an

array of holes (or inclusions) in the substrate.

[00107] Alternatively, to form an array of wires (or rods) from the substrate (see, e.g., FIG. 5),

the polymeric matrix can be etched to provide an array of three-dimensional structures over the

substrate. A pattern defined by the array of three-dimensional structures can then be catalytically

transferred to the substrate to provide an array of wires formed from the substrate.



[00108] As another alternative, to form an array of wires (or rods) from the substrate (see,

e.g., FIG. 5), the three-dimensional structures can be etched to reveal the substrate (see, e.g.,

FIG. 16). A first layer of an etch block material is deposited on the polymeric matrix, including

the holes formed in the polymeric matrix. The polymeric matrix is then removed, leaving an

array of particles from the first layer adjacent to the semiconductor substrate. The array of

particles defines a pattern. A second layer of an etching material is then deposited on the

semiconductor substrate. The etch block material serves as a mask to limit or prevent etching of

the semiconductor substrate that is facilitated by the etching material. A pattern defined by the

array of particles is then catalytically transferred to the substrate to provide an array of wires

formed from the semiconductor substrate.

[00109] In an aspect, a method for forming holes in or wires from a substrate comprises

forming the holes or wires with the aid of a vapor phase oxidizing agent and/or a vapor phase

chemical etchant. In some cases, the method comprises using a vapor phase oxidizing agent and

a vapor phase chemical etchant. The vapor phase oxidizing agent can include one or more

oxidizing chemicals. In some cases, the etching layer is exposed to an oxidizing agent, chemical

etchant and water (e.g., water vapor).

[00110] In some embodiments, a method for forming a thermoelectric element comprises

providing a substrate in a reaction space. The substrate can include a pattern of a metallic

material adjacent to the substrate. The metallic material can be configured to catalyze the

oxidation of the substrate, as described elsewhere herein. Next, the metallic material is exposed

to a gas having an oxidizing agent and a chemical etchant to form holes in or wires from the

substrate. The gas can comprise between about 1% and 99% (mole %) oxidizing agent, and

between about 1% and 99% chemical etchant.

[00111] In some embodiments, a method for forming a thermoelectric element comprises

providing a substrate in a reaction space. The substrate can include a pattern of a metallic

material adjacent to the substrate. The metallic material can be configured to catalyze the

oxidation of the substrate, as described elsewhere herein. The metallic material can then be

contacted with a vapor phase oxidizing agent and a vapor phase chemical etchant to form holes

in or wires from the substrate. The metallic material can be contacted with the vapor phase

oxidizing agent and the vapor phase chemical etchant by directing the vapor phase oxidizing

agent and the chemical etchant into the reaction space.

[00112] In some cases, the metallic material is simultaneously contacted with the vapor phase

oxidizing agent and the vapor phase chemical etchant. Alternatively, the metallic material can



be alternately and sequentially contacted with the vapor phase oxidizing agent and the vapor

phase chemical etchant.

[00113] The gas can be a vapor phase mixture comprising a carrier gas. The carrier gas can

be selected from H2, N , He, Ne, Ar, C0 and combinations thereof.

[00114] The metallic material can be exposed to the gas for a time period between about 30

seconds and 60 hours. In some cases, the metallic material is exposed to the gas for a time

period of at least about 0.01 seconds, 0.1 second, 1 second, 10 seconds, 20 seconds, 30 seconds,

1 minute, 2 minutes, 3 minutes, 4 minutes, 5 minutes, 10 minutes, 20 minutes, 30 minutes, 1

hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 12 hours, 1 day, 2 days, 3 days, 4 days, 5 days,

6 days, 1 week, 2 weeks, 3 weeks or 1 month.

[00115] In some cases, a ratio (e.g., mole ratio) of oxidizing agent to chemical etchant in the

gas is at least about 0.1:1, 0.5:1, 1:1, 1.5:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 100:1,

1000:1. In other cases, a ratio of chemical etchant to oxidizing agent in the gas is at least about

0.1:1, 0.5:1, 1:1, 1.5:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 100:1, 1000:1.

[00116] In some examples, during exposure of the substrate to the gas, the substrate can be

heated to a temperature between about -50°C and 200°C. In some cases, the gas can be heated to

a temperature between about -50°C and 200°C.

[00117] In some examples, exposing the metallic material to the gas etches the substrate at an

etch rate of at least about 0.1 nanometers (nm)/second (s), 0.5 nm/s, 1 nm/s, 2 nm/s, 3 nm/s, 4

nm/s, 5 nm/s, 6 nm/s, 7 nm/s, 8 nm/s, 9 nm/s, 10 nm/s, 20 nm/s, 30 nm/s, 40 nm/s, 50 nm/s, 100

nm/s, 1000 nm/s, or 10,000 nm/s at 25°C. In some cases, the etch rate may be lower at elevated

temperatures.

[00118] Methods for forming holes in, or wires from, a substrate can be additive or

subtractive. Additive approaches comprise depositing particles of a catalyst material (e.g.,

silver) adjacent to a substrate, and forming holes in, or wires from, the substrate, as described

above. In subtractive patterning, a catalyst material (e.g., silver) can be deposited in a blanket

fashion over a substrate and subsequently removed in desired or otherwise predetermined

locations to produce a catalyst pattern over the substrate. In one non-limiting approach, the

catalyst material is deposited on the wafer and a masking material is deposited over the catalyst

material. The masking material is then patterned with a resist mask (e.g., photolithography,

electron-beam lithography, nanoimprint lithography, block copolymer lithography) to provide a

resist pattern that is transferred into the masking material (e.g., by reactive ion etching) where it

can serve as a hard mask for etching the underlying catalyst material (e.g., ion milling, reactive

ion etching). Exposed portions of the catalyst material are then contacted with an etchant



mixture (e.g., HF and H2O2) to etch the wafer. The masking material can be selected such that,

upon exposure of the catalyst material to an etchant mixture, the masking material provides

directional etching through the wafer with selectivity against the catalyst material, and that it is

robust to serve as a sacrificial mask during a subsequent ion milling or etching step to remove

the masking material. In some examples, the masking material is selected from silicon oxide,

silicon nitride and silicon oxynitride. As an alternative subtractive patterning approach, a

masking material can be deposited on the wafer using PVD (e.g., evaporation, electron-beam

evaporation, sputtering), or CVD (e.g., plasma-enhanced, low pressure, or atmospheric pressure).

The masking material is then patterned with a resist mask. The catalyst material is then

deposited, in some cases in excess, using PVD, CVD (e.g., metalorganic chemical vapor

deposition, electron or ion beam-induced deposition), electrochemical deposition or electro-less

deposition. Any excess material is then removed, for example, using a chemical mechanical

polishing step and/or ion milling step. Exposed portions of the catalyst material are then

contacted with an etchant mixture (e.g., HF and Η20 2) to etch the wafer. The masking material

may be selected such that, upon exposure of the catalyst material to an etchant mixture, the

masking material provides directional etching of the wafer with selectivity against the wafer, and

that it is non-reactive during the catalyst material deposition and is sufficiently robust during

removal, such as using chemical mechanical polishing or ion milling. The masking material can

be a silicon oxide, such as silicon dioxide. When the masking material is silicon dioxide, wet or

dry wafer oxidation can be performed.

[00119] FIG. 10 shows a process 1000 for forming a thermoelectric device, in accordance

with an embodiment of the present disclosure. In a first operation 1001, a mask (or template)

1001a having three-dimensional structures 1001b is provided over a substrate 1001c. The

substrate 1001c can be a semiconductor substrate, such as a silicon substrate (e.g., n-type or p-

type silicon). The three-dimensional structures 1001b can be cylinders (or rods). Alternatively,

the three-dimensional structures 1001b can have other shapes, such as, e.g., triangular, square, or

rectangular. The three-dimensional structures 1001b can have various sizes and distributions. In

some situations, the three-dimensional structures 1001b have widths (or diameters) between

about 1 nanometers ("nm") and 500 nm, or 5 nm and 100 nm, or 10 nm and 30 nm. The three-

dimensional structures 1001b can have a center-to-center spacing between about 1 nm and 500

nm, or 5 nm and 100 nm, or 10 nm and 30 nm. In some embodiments, the three-dimensional

structures 1001b are distributed in an array of three-dimensional structures. In some examples,

the three-dimensional structures 1001b in the array are monodisperse.



[00120] In some situations, the three-dimensional structures 1001b are in a close packing

arrangement, such as a hexagonally close packing arrangement. In other situations, the three-

dimensional structures 1001b are in a random arrangement. In some cases, the three-

dimensional structures 1001b are arranged in groups. Each group can have a predetermined

distribution of the three-dimensional structures. The three dimensional structures 1001b can be

asymmetric, having lengths longer than their widths (or diameters).

[00121] The mask 1001a can be formed of a first polymeric material, such as polystyrene,

and the three-dimensional structures 1001b can be formed of a second polymeric material, such

as PMMA. The mask 1001a is formed by providing a mixture comprising the first and second

polymeric materials, and coating the mixture onto the substrate 1001c using, for example, a spin

coater or other systems and devices that may be used in semiconductor fabrication, such as, for

example, dip coater, ink jet printing, spray coating, drop coasting, layer by layer coating using

the Langmuir-Blodgett trough. In some cases, a spin coater is used to coat the mixture onto the

substrate 1001c. A spin coater can be operated at between about 100 revolutions per minute

(RPM) and 10,000 RPM, or 1000 and 4000 RPM, or 2000 and 3000 RPM, for a time period of at

least about 1 second, 2 seconds, 3 seconds, 4 seconds, 5 seconds, 10 seconds, 15 seconds, 20

seconds, 25 seconds, 30 seconds, 35 seconds, 40 seconds, 45 seconds, 50 seconds, 55 seconds, 1

minute, 5 minutes, 10 minutes, 30 minutes, 1 hour, 12 hours, 24 hours, or more.

[00122] In some embodiments, the second polymeric material phase separates in a matrix of

the first polymeric material to form the three-dimensional structures. The mask 1001a can be

formed of a block copolymer having the first polymeric material and second polymeric material.

[00123] In some embodiments, after the mixture is applied (e.g., spin-coated) to the substrate

1001c, the substrate can be annealed at a temperature between about 100°C and 300°C, or 150°C

and 250°C, or 180°C and 210°C for a period of at least about 1 second, or 10 seconds, or 30

seconds, or 1 minute, or 10 minutes, or 20 minutes, or 30 minutes, or 1 hour, or 2 hours, or 3

hours, or 4 hours, or 5 hours, or 6 hours, or 12 hours, or 24 hours, or 48 hours. The substrate can

then be irradiated with ultraviolet light (e.g., 254 nm UV light) for a period of at least about 1

min, or 2 min, or 3 min, or 4 min, or 5 min, or 10 min, or 15 min, or 20 min, or 25 min, or 30

min.

[00124] Next, in a second operation 1002, the second polymeric material (including the three-

dimensional structures 1001b) is etched relative to the first polymeric material. The second

polymeric material can be etched with the aid of an acid, such as, e.g., nitric acid, acetic acid,

hydrogen fluoride (HF), hydrogen chloride (HC1), hydrogen bromide (HBr), or hydrogen iodide

(HI), or other etching chemistries, such as ozone or sodium hydroxide (NaOH). In an example,



if the second polymeric material is formed of PMMA, the second polymeric material can be

etched using acetic acid. The acid can be introduced in the gas phase, such as with the aid of a

carrier gas (e.g., bubbling the carrier gas through a solution comprising HF). Alternatively, gas

phase etching can be performed, such as, for example, reactive ion etching using 0 2, CF4, CHF3

or combinations thereof. Etching the polymeric material generates holes in the mask. The holes

can expose a surface of the substrate 1001c adjacent to the mask 1001a. The exposed surface

can include a layer of an oxide (native or thermally grown), such as a silicon oxide (e.g., silicon

dioxide) if the substrate 1001c is formed of silicon. The oxide layer is removed by exposing the

mask and the exposed portions of the substrate 1001c to an oxide etchant which is configured to

etch the silicon oxide. In an example, the mask and exposed portions of the substrate 1001c are

exposed to CF4/0 2 and/or a buffered oxide etch (or a buffered hydrofluoric etch, "BHF"). In

some examples, the mask and the exposed portions of the substrate are exposed to a vapor phase

acid, such as hydrogen fluoride (HF) in the gas phase.

[00125] BHF can be a mixture of a buffering agent, such as ammonium fluoride (NH4F), and

hydrofluoric acid (HF). In some cases, HC1 is added to a BHF solution in order to dissolve

insoluble products. In an example, a buffered oxide etch solution comprises a 6:1 volume ratio

of about 40% NH4F in water to 49% HF in water. This solution can etch thermally grown oxide

at a rate of at least about 0.1 nanometers (nm)/second (s), 0.5 nm/s, 1 nm/s, 2 nm/s, 3 nm/s, 4

nm/s, 5 nm/s, 6 nm/s, 7 nm/s, 8 nm/s, 9 nm/s, 10 nm/s, 20 nm/s, 30 nm/s, 40 nm/s, 50 nm/s, 100

nm/s, 1000 nm/s, or 10,000 nm/s at 25°C. Exposing the mask and the exposed portions of the

substrate 1001c to an oxide etchant can remove the oxide layer from the exposed portions of the

substrate 1001c.

[00126] In some embodiments, during the second operation 1002 the substrate can be exposed

to an acid (e.g., acetic acid, HF, HI) for a period of at least about 1 min, or 2 min, or 3 min, or 4

min, or 5 min, or 10 min, or 15 min, or 20 min, or 25 min, or 30 min, and water for a period of at

least about 1 second, or 10 seconds, or 30 seconds, or 1 min, or 2 min, or 3 min, or 4 min, or 5

min to remove the second polymeric material (e.g., PMMA) and crosslinking a matrix having the

first polymeric material. The acid can remove any native or thermally grown oxide on the

substrate, in some cases without removing or substantially removing the mask 1001a.

[00127] Next, in a third operation 1003, a layer of a metallic material is deposited on the mask

1001a and the exposed portions of the substrate 1001c. In some embodiments, the layer of

metallic material includes one or more elemental metals. For instance, the layer of metallic

material can include one or more metals selected from gold, silver, platinum, chromium,

molybdenum, tungsten, osmium, iridium, rhodium, ruthenium, palladium, copper, nickel and



other metals (e.g., noble metals), and any combinations thereof. In other examples, the layer of

the metallic material can include a non-noble metal, such as copper, nickel, or combinations

thereof.

[00128] The layer of the metallic material can include a material that may catalyze the

decomposition of a chemical etchant. The layer of the metallic material can be deposited with

the aid of various deposition techniques, such as physical vapor deposition (e.g., sputtering,

evaporative deposition), chemical vapor deposition (CVD), atomic layer deposition (ALD), or

electroplating. In some embodiments, the layer of the metallic material, as formed, has a

thickness between about 1 nm to about 500 nm, or 5 nm and 100 nm, or 10 nm and 30 nm. The

layer of metallic material is formed on the mask and the exposed portions of the substrate 1001c.

[00129] Next, in a fourth operation 1004, the mask 1001a is removed to leave an array (or

pattern) of metallic material 1004a on the substrate 1001c. In some embodiments, the array of

metallic material is monodisperse.

[00130] Next, in a fifth operation 1005, the metallic material 1004a and the substrate 1001c

are exposed to an oxidizing agent (e.g., 0 3, N0 2, H2O2) and an etchant (e.g., HF). One or both

of the oxidizing agent and the etchant can be delivered in the gas phase (e.g., through a vapor

phase mixture having the oxidizing agent, the etchant and a carrier gas) and exposed to the

metallic material 1004a and the substrate 1001c. The oxidizing agent and the etchant can be

delivered using a vapor delivery system, such as a pump.

[00131] The metallic material 1004a can facilitate the catalytic oxidation of the substrate

1001c at the metal-substrate interface, thereby forming an oxide between the metallic material

1004a and the substrate 1001c. An etchant then removes the oxide. Subsequent oxidation of the

substrate and removal of an oxide formed between the metallic material and the substrate

generates holes in the substrate. In some embodiments, the holes 1005a have lengths that are

longer than the widths (or diameters) of the holes 1005a (i.e., the holes 1005a are anisotropic).

The metallic material can then be removed with the aid of an etchant to leave holes in the

substrate 1001c.

[00132] In some cases, a templated resist (or mask) can be defined onto a substrate by, for

example, nano-imprinting, block copolymer lithography, photolithography, e-beam lithography,

etc. Before metal catalyst deposition, a native oxide (e.g., silicon dioxide) formed adjacent to the

substrate can be removed by a vapor phase chemical etchant, such as, for example, HF, HC1,

HBr, HI or a combination thereof. The vapor phase etchant can preserve the resist template as

compared to a wet etchant (e.g., HF(aq)), which may lead to degradation of the resist template

and lead to ill-defined catalyst shapes.



[00133] Alternatively, in the third operation 1003 a layer of a first metallic material can be

deposited on the mask 1001a and exposed portions of the substrate 1001c. The first material can

be an etch block material. In some cases, the layer of the first metallic material includes one or

more metals selected from chromium, molybdenum and tungsten. In the fourth operation 1004

the mask 1001a can be removed to expose the substrate 1001c, as described above. Next, a layer

of a second metallic material can be deposited on the layer of the first metallic material and the

substrate 1001c. The second material can include an etching material. The layer of the second

metallic material can then be exposed to an oxidizing agent (e.g., 0 3, N0 2, H 0 ) and an etchant

(e.g., HF) to form cylinders in the substrate 1001c. The oxidizing agent and the etchant can be

delivered in the gas phase (e.g., delivered to a reaction space) and exposed to the layer of the

second material and the substrate 1001c. The layer of the first and second metallic materials on

the cylinders can then be removed to leave cylinders (e.g., free-standing cylinders) formed from

the substrate 1001c. In some situations, the bases of the cylinders are attached to the substrate

1001c.

[00134] FIGs. 11A-C schematically illustrate a process for catalytically etching a silicon

substrate, in accordance with an embodiment of the present disclosure. The illustrated process

can be applied to various semiconductor materials. In FIG. 11A, with a silver catalyst deposited

on a silicon substrate, the silicon substrate and the catalyst are exposed to an oxidizing agent,

such as hydrogen peroxide (H 0 2), to form silicon dioxide, which is then contacted with a

chemical etchant, such as hydrofluoric acid (HF), to remove the silicon dioxide (FIG. 1IB). The

oxidizing agent and the chemical etchant may be exposed to the silicon substrate and the catalyst

in the gas phase, in some cases with the aid of a carrier gas (e.g., He, N2, Ar, H , C0 2) .

Additional exposure of the silicon substrate and the catalyst to the oxidizing agent and the

chemical etchant forms an array of holes in the silicon substrate, as shown in FIG. 11C. In some

situations, the silicon substrate and the catalyst are simultaneously contacted with the oxidizing

agent and the chemical etchant, while in other situations the silicon substrate and the catalyst are

alternately and sequentially contacted with the oxidizing agent and the chemical etchant.

[00135] The process of FIGs. 11A-l 1C may be used to form a pattern of holes or wires in a

substrate, such as a semiconductor, insulating or metallic substrate.

[00136] A metal catalyst can have various shapes and sizes. In some embodiments, a metal

catalyst is substantially symmetrical, such as in the form of a cylinder or sphere, or a partial

cylinder or partial sphere. For example, an individual catalyst particle can be cylindrical or

substantially cylindrical. As another example, an individual catalyst particle can be

hemispherical or substantially hemispherical. As an alternative, a catalyst particle can be shaped



as an annulus (or ring-shaped). In such a case, the chemical etch of the substrate (e.g., silicon)

can proceed in a vertical direction with reduced or minimal clumping or agglomeration of

catalyst particles with each other. The central opening in the annulus can focus the constituents

of the chemical etchant (e.g., fluoride and hydronium ions if the chemical etchant is hydrofluoric

acid) so that etching of the substrate is more uniform and less sensitive to fluctuation in the

reactant concentration.

[00137] In some examples, annulus-shaped catalyst particles are formed by providing a mask

adjacent to a substrate, forming holes in the substrate that are ring-shaped (e.g., by exposing the

mask to light through a reticle that has ring-shaped features), depositing a metallic material in the

holes, and removing the mask.

[00138] For example, a method for forming a thermoelectric device comprises providing ring-

shaped particles of a metallic material adjacent to a substrate and exposing the ring-shaped

particles to an oxidizing agent and an etchant to catalytically etch the substrate at an etch rate of

at least about 0.01 micrometers/second to form holes in or wires from the substrate. The ring-

shaped particles can be formed by providing a mask adjacent to the substrate (e.g., spin-coating

the mask), defining an array of ring-shaped holes in the mask (e.g., by photolithography),

depositing a layer of the metallic material adjacent to the mask and exposed portions of the

substrate, and removing the mask to provide the ring-shaped particles of the metallic material

adjacent to the substrate. In some cases, the mask can comprise three-dimensional structures

phase-separated in a polymer matrix, and the ring-shaped holes can be formed by selectively

removing the three-dimensional structures with respect to the polymer matrix to provide the ring-

shaped holes in the polymer matrix. The holes expose portions of the substrate.

[00139] Substrate etching to form holes or wires can proceed along directions where the most

surface area is in contact with the substrate. Roughness (or protrusions) on the portion of the

particle surface that is not in a preferable etch direction (e.g., along a direction orthogonal to a

surface of the substrate) may increase the probability of etching in directions other than the

preferable etch direction - e.g., it may reduce the directional verticality of etching. Catalyst

topology (e.g., as defined by Euler Characteristic) may play a role in verticality. For example,

boring a hole or holes within a catalyst can allow access of reactants (e.g., oxidizing agent and

chemical etchant) in the fluid to the etching surface, thereby focusing etching where the hole or

holes are present (e.g., in the center of the catalyst as opposed to the edges). This can increase

verticality by focusing downward etching where reactants are present at the center of the

catalyst. It can also decrease secondary porosity by focusing etching within the primary pore



and by increasing the transport of reaction byproducts away from the etch surface, the latter of

which simultaneously increases maximum etch depth.

[00140] In some examples, a catalyst particle configured for enhanced etching (e.g., enhanced

verticality) has a shape with an Euler Characteristic (or Euler-Poincare characteristic) < 2 (for

comparison, a cylinder has an Euler Characteristic of 2). In an example, the catalyst particle is a

torus (or annulus) with an Euler Characteristic of zero (FIG. 15A). In another example, the

catalyst particle is a double torus with an Euler Characteristic of -2 (FIG. 15B). In another

example, the catalyst particle is a triple torus with an Euler Characteristic of -4 (FIG. 15C).

Catalyst particles with such shapes can be formed by, for example, using photolithography to

define a pattern of holes in a mask and depositing metallic particles in the holes to form catalyst

particles.

[00141] The disparity in work function between the substrate and etchant can result in

depletion of charge carriers (ions, holes or electrons in the etch material) at the boundary

between the substrate and the etchant. The disparity in work function between the catalyst and

substrate can alter the concentration of carriers both in the etch material and in the fluid,

depending on, without limitation, a) the etch material work function, which can depend on

substrate doping, and b) the catalyst work function, which can depend on which metal is used as

a catalyst. Using a catalyst with a lower (i.e., more negative) work function than the substrate

can result in a concentration of electron holes at the pore / hole etch front. Using a catalyst with

a comparable work function can result in an even or substantially even distribution of electron

hole concentration at the pore etch front. Using a catalyst with a higher (i.e., less negative) work

function than the substrate can result in increased depletion of electron holes as compared to the

concentration in the substrate.

[00142] In some embodiments, the relation between metal catalyst and substrate (e.g., p-type

silicon) work function can be controlled to optimize etch verticality and to minimize the

formation of secondary porosity - e.g., holes formed along a direction that is angled with respect

to (e.g., orthogonal to) the direction of etching. The metal catalyst can catalyze the reduction of

the Η20 2 or other oxidizing agent and form a Schottky junction with the material being etched

(e.g., silicon), which can either focus electron holes at the junction at the pore etch front, further

deplete the front by driving away electron holes, or form an Ohmic contact. For example, a

catalyst such as Pt2-Si can be employed to etch highly doped p-type silicon, given that Pt2-Si has

a slightly lower (i.e., more negative) work function than highly doped silicon. This can in a slight

increase in electron hole concentration at the pore / hole etch front, thereby providing reactants

(electron holes) in the location where it is preferred for the etch proceed. However, using Pt2-Si



with low-doped p-type silicon may increase the concentration of electron holes in the depletion

region formed between the silicon substrate and etchant such that secondary pore formation may

increase. As such, it may be preferable to balance the work functions of the substrate and

catalyst. In some examples, the catalyst material is selected to have a work function that is lower

than that of the substrate. In other examples, the catalyst material is selected to have a work

function that is greater than or equal to that of the substrate. The selection of work function is

based at least in part on the desired concentration of electron holes at the interface between the

catalyst and the substrate.

[00143] Before catalytic etching, the substrate (e.g., silicon wafer) can be coated with a

passivation layer comprising a passivation material that can protect the underside of the substrate

from etching by the etchant mixture (e.g., HF and H2O2) . This can provide for holes or wires

with substantially high uniformity and aspect ratios, and aid in minimizing the formation of

pores that are angled with respect to the holes or wires. The passivation material can be an

oxide, nitride, sulfide, carbide, or a combination thereof. In some examples, the passivation

material is a carbide provided by reacting an exposed hydrogen-terminated surface of the

substrate with a hydrocarbon, such as an alcohol, aldehyde, alkoxy halide, ketone, alkane, alkene

or alkyne. In an example, unsaturated hydrocarbons, such as alkenes or alkynes, can be used to

react with hydrogen-terminated silicon prepared via hydrogen fluoride etching. This

hydrosilylation reaction can be performed thermally or catalyzed by ultraviolet irradiation of the

hydrogen-terminated silicon to form carbon-silicon bonds between the passivating species and

the silicon. The silicon-carbon bond can be more stable against attack by hydrogen fluoride,

which can provide for a passivation layer. Alternatively, alcohols, alkoxyl halides and similar

molecules can be used to react with the hydrogen-terminated silicon to form silicon-oxygen-

carbon bonds, which can also serve as passivation layers. In some situations, organosulfur

compounds, such as thiols, may adversely interfere with catalyst activity and should be avoided

or used in concentrations that are selected so as to not adversely interfere with catalyst activity.

This passivation reaction can be performed before or during the catalytic etch. In the case of

passivation during the etch, the passivating species may be added to the etching medium.

[00144] Passivating species include carbon-containing compounds (e.g., hydrocarbons),

nitrogen-containing compounds (e.g., NH3, N2H6), sulfur-containing compounds (e.g., H2S), and

oxygen-containing compounds (e.g., O2, O3, H2O2, alcohols)

[00145] Alternatively, material may be deposited between catalyst particles using techniques

such as atomic layer deposition, plasma enhanced CVD, low pressure CVD, sputtering,

evaporation or spin-on processing. Suitable materials include, without limitations, dielectrics,



such as silicon nitride, silicon oxide, polysilicon, amorphous silicon, spin-on-glass, spin-on-

dopants; organic materials, such as photoresists, electron-beam resists, or other polymers, such

as polyimide, polystyrene, poly-methylmethacrylate; or non-catalytic metals, such as chromium

or tantalum.

[00146] Alternatively, the substrate (e.g., silicon) may be doped n-type to reduce the electron

hole carrier density within the substrate. The electron holes may be responsible for etching, and

reducing their concentration can reduce undesired etching of substrate in the etchant. In an

example, such doping is achieved during the substrate manufacturing process by addition to the

subdstrate source material, to generate a fully n-doped substrate (e.g., n-doped silicon wafer). In

another example, the surface of the substrate can be highly doped n-type while the bulk of the

substrate remains p-type or n-type. This can be achieved by ion implantation, solid source

doping, spin-on-doping, or semiconductor epi growth.

[00147] Following formation of holes or wires, the passivation layer can be removed.

Examples of techniques that can be used to remove the passivation layer include wet etching, dry

etching, reactive ion etching, chemical mechanical polishing and ion milling.

[00148] In some situations, during etching, an electric field (or voltage) can be provided

across the substrate, such as along the direction of etching. The electric field can be provided

using a pair of electrodes adjacent to opposing surfaces of the substrate that are orthogonal to the

direction of etching. In some examples, a voltage of at least about 0.1 v, 0.5 v, 1 V, 2 V, 3 V, 4

V, 5 V, 6 V, 7 V, 8 V, 9 V, 10 V, 20 V, 30 V, 40 V, 50 V, 60 V, 70 V, 80 V, 90 V, or 100 V is

provided across the substrate during etching.

[00149] Metal catalysts of the present disclosure can be used to form holes in, or wires from, a

substrate, such as by transferring a pattern of holes to the substrate. FIG. 12 schematically

illustrates a process for catalytically transferring a pattern to a substrate 1201 . The substrate

1201 may formed of one or more semiconductor materials. The pattern is characterized by the

distribution of particles 1202 of a metallic material on the substrate 1201. The metallic material

may include one or more of gold, silver, platinum, chromium, molybdenum, tungsten, osmium,

iridium, rhodium, ruthenium, palladium, copper, nickel and other metals (e.g., noble metals), and

any combinations thereof, or any non-noble metal that can catalyze the decomposition of a

chemical oxidant, such as, for example, copper, nickel, or combinations thereof. The particles

1202 may be formed as described elsewhere herein, such as, e.g., by forming a mask with a

pattern of holes (e.g., nanoholes), depositing the metallic and removing the mask. The particles

1202 may be disposed directly on the substrate 1201, or, alternatively, on one or more

intervening layers on the substrate 1201, such as an oxide layer. The metallic particles 1202 and



the substrate 1201 are then exposed to a chemical etchant and an oxidizing agent to

anisotropically etch the substrate 1201 to provide a pattern of holes 1203 in the substrate 1201.

The chemical etchant and/or the oxidizing agent can be exposed to the substrate 1201 and the

metallic particles 1202 in the gas phase. The particles 1202 can then be removed, such as with

the aid of an etching chemistry that is selective to the metallic material. The holes 1203 may

then be formed with a secondary material, such as a semiconductor or dielectric material, to form

inclusions.

[00150] The pattern of holes 1203 may have a pitch (e.g., center-to-center spacing between

adjacent holes) 1204 that is less than or equal to about 5000 nanometers (nm), or 1000 nm, or

500 nm, or 400 nm, or 300 nm, or 200 nm, or 100 nm, or 50 nm, or 40 nm, or 30 nm, or 20 nm,

or 15 nm, or 10 nm, or 5 nm, or less. Exposed surfaces of each of the holes 1203 can have a

roughness, as measured by transmission electron microscopy (TEM), between about 0.5 nm and

50 nm, or 1 nm and 20 nm, or 1 nm and 10 nm.

[00151] At least a fraction of the metallic material from the particles 1202 may be deposited

on the exposed surfaces of the holes 1203. This may be the case if, for example, a residual

amount of the metallic materials (or residue) remain after removal of the particles 1202. In some

cases, the fraction of metallic material adsorbed on the exposed surfaces of the holes 1203, taken

against the number of surface atoms on the exposed surfaces, is at least about 0.000001%,

0.00001%, 0.0001%, 0.001%, 0.01%, 0.1%, 1%, 5%, 10%, 15%, or 20%, as measured by x-ray

photoelectron spectroscopy (XPS). In other cases, however, the fraction of metallic material

adsorbed on the exposed surfaces of the holes 1203, taken against the number of surface atoms

on the exposed surfaces, is at most about 0.000001%, 0.00001%, 0.0001%, 0.001%, 0.01%,

0.1%, 1%, 5%, 10%, 15%, 20%, or 25%, as measured by XPS. In some situations, the fraction

of metallic material adsorbed on exposed surfaces of the holes 1203, taken against the number of

surface atoms on the exposed surfaces, is between about 0.00000 1% and 25%, as measured by

XPS.

[00152] FIG. 13 schematically illustrates a process for catalytically transferring a pattern to a

substrate 1301. In a first step, a first layer 1302 of particles having an etch block material is

formed on the substrate 1301, as described elsewhere herein, such as, e.g., by forming a mask

with a pattern of holes, depositing the first layer 1302 and removing the mask. The first layer

1302 can include a plurality of particles. The material of the first layer 1302 can include one or

more of chromium, molybdenum and tungsten. The particles of the first layer 1302 may be

disposed directly on the substrate 1301, or, alternatively, on one or more intervening layers on

the substrate 1301, such as an oxide layer (e.g., a native oxide layer). A second layer 1303



having a metallic material is then deposited on the first layer 1302, as described elsewhere

herein. The material of the second layer 1303 may be different from the material of the first

layer 1302. The metallic material of the second layer 1303 can include one or more of gold,

silver, platinum, chromium, molybdenum, tungsten, osmium, iridium, rhodium, ruthenium,

palladium, copper, nickel and other metals (e.g., noble metals), and any combinations thereof, or

any non-noble metal that can catalyze the decomposition of a chemical oxidant, such as, for

example, copper, nickel, or combinations thereof. Next, the first layer 1302 and second layer

1303 are exposed to a chemical etchant and an oxidizing agent. The chemical etchant and/or the

oxidizing agent can be exposed to the first layer 1302 and the second layer 1303 in the gas phase.

With the first layer serving as a mask (or etch block layer), the metallic material of the second

layer 1303 etches portions of the substrate 1301 that are in contact with the second layer 1303.

Portions of the substrate 1301 that are in contact with the first layer 1302 may not be etched.

This provides a pattern of wires (e.g., nanowires) 1304 in the substrate 1301. The material

comprising the first layer 1302 and second layer 1303 may then be removed, such as with the aid

of an etching chemistry that is selective to the metallic materials and not the material comprising

the substrate 1301.

[00153] The pattern of wires 1304 may have a pitch 1305 that is less than or equal to about

5000 nanometers (nm), or 1000 nm, or 500 nm, or 400 nm, or 300 nm, or 200 nm, or 100 nm, or

50 nm, or 40 nm, or 30 nm, or 20 nm, or 15 nm, or 10 nm, or 5 nm, or less. Exposed surfaces of

each of the wires 1304 may have a roughness, as measured by transmission electron microscopy

(TEM), between about 0.5 nm and 50 nm, or 1 nm and 20 nm, or 1 nm and 10 nm.

[00154] At least a fraction of the metallic material from the first layer 1302 and/or the second

layer 1303 may be deposited on the exposed surfaces of the wires 1304. This may be the case if,

for example, a residual amount of one or both of the metallic materials remains on the exposed

surfaces of the wires 1304 after removal of the first layer 1302 and the second layer 1303. In

some cases, the fraction of metallic material adsorbed on the exposed surfaces of the wires 1304,

taken against the number of surface atoms on the exposed surfaces, is at least about 0.000001%,

0.00001%, 0.0001%, 0.001%, 0.01%, 0.1%, 1%, 5%, 10%, 15%, or 20%, as measured by XPS.

In other cases, however, the fraction of metallic material adsorbed on the exposed surfaces of the

wires 1304, taken against the number of surface atoms on the exposed surfaces, is at most about

0.000001%, 0.00001%, 0.0001%, 0.001%, 0.01%, 0.1%, 1%, 5%, 10%, 15%, 20%, or 25%, as

measured by XPS. In some situations, the fraction of metallic material adsorbed on exposed

surfaces of the wires 1304, taken against the number of surface atoms on the exposed surfaces, is

between about 0.000001% and 25%, as measured by XPS.



[00155] A hole or wire of the disclosure may have a surface roughness that is suitable for

optimized thermoelectric device performance. In some cases, the root mean square roughness of

a hole or wire is between about 0 .1 nm and 50 nm, or 1 nm and 20 nm, or 1 nm and 10 nm. The

roughness can be determined by transmission electron microscopy (TEM) or other surface

analytical technique, such as atomic force microscopy (AFM) or scanning tunneling microscopy

(STM). The surface roughness may be characterized by a surface corrugation.

[00156] Exposed surfaces of holes or wires can be covered with a layer of an oxide, such as a

semiconductor oxide, metal oxide, or a semiconductor and metal oxide. In some cases, the oxide

is a native oxide, such as a native oxide or silicon (e.g., Si0 2) .

[00157] The doping configuration of thermoelectric elements of the disclosure may be

selected to control the thermal conductivity and thermoelectric power of a thermoelectric device

having the thermoelectric elements. The thermal conductivity and the thermoelectric power may

be controlled substantially independently of the electrical conductivity of the thermoelectric

elements by controlling dimensions and doping, respectively, of the thermoelectric elements. As

an example, the doping p-type or n-type doping concentration of thermoelectric elements

comprising holes or wires may be controlled independently of the dimensions (e.g., length, hole

or wire diameters) of the thermoelectric elements. Various approaches for controlling thermal

conductivity and thermoelectric power of semiconductor nanowires are described in U.S. Patent

Publication No. 2009/0020148 ("METHODS AND DEVICES FOR CONTROLLING

THERMAL CONDUCTIVITY AND THERMOELECTRIC POWER OF SEMICONDUCTOR

NANOWIRES"), which is entirely incorporated herein by reference.

[00158] Methods described herein can be implemented using systems at ultrahigh vacuum,

high vacuum, vacuum, low pressure, ambient pressure or high pressure (see below). In some

cases, thermoelectric elements are formed at low pressure, such as using a vacuum chamber. In

other cases, thermoelectric elements are formed in air. Alternatively, thermoelectric elements

can be formed in an inert gas (e.g., He, N2, Ar, H , C0 2) atmosphere.

[00159] Methods described herein can be automated with the aid of computer systems having

storage locations with machine-executable code implementing the methods provided herein, and

one or more processors for executing the machine-executable code.

Systems for forming thermoelectric elements

[00160] Another aspect of the present disclosure provides a system for forming a

thermoelectric element, comprising a reaction space having a substrate holder that is configured

to hold a substrate, and a first vapor source in fluid communication with the reaction space. The

first vapor source can supply an oxidizing agent in the reaction space. The system can further



include a second vapor source in fluid communication with the reaction space. The second

vapor source can supply a chemical etchant to the reaction space. The system can include a

controller having a processor (or a plurality of processors) that is programmed to execute

machine -readable instructions, which when executed by the processor implement any of the

methods disclosed herein. For example, the controller can implement a method comprising (i)

contacting an etching layer adjacent to a substrate in the reaction space with the vapor phase

oxidizing agent from the first vapor source, and (ii) contacting the etching layer with the

chemical etchant from the second vapor source. The first vapor source and the second vapor

source can be the same vapor source.

[00161] In some examples, the system can include a pressure system in fluid communication

with the reaction space. The pressure system can be configured to regulate the pressure of the

reaction space. In some examples, the pressure system includes one or more vacuum pumps

selected from mechanical pumps, rotary vain pumps, turbomolecular pumps, ion pumps,

cryopumps and diffusion pumps. The pressure system can include valves, such as throttle

valves. The pressure system can include a pressure sensor for measuring the pressure of the

reaction space and relaying the pressure to the controller, which can regulate the pressure with

the aid of one or more vacuum pumps of the pressure system.

[00162] FIG. 14 shows a system 1400 for forming a thermoelectric device, in accordance with

an embodiment of the present disclosure. The system 1400 includes a reaction space 1401 in

fluid communication with a pressure system 1402. The system 1400 includes a susceptor (or

substrate holder) 1403 having one or more substrates (not shown) disposed thereon. A vapor

source 1404 provides a first and second vapor into the reaction space 1401. The susceptor 1403

can include one or more heating and/or cooling elements for regulating the temperature of a

substrate during processing (i.e., thermoelectric element formation, etc.). In the illustrated

example, the vapor source 1404 is directed to a showerhead 1405, which distributes the vapor

source over the substrate holder 1403. The showerhead in some situations can be precluded.

Valves 1406 and 1407 can regulate the flow of one or more vapors into and out of the reaction

space 1401. A controller 1408 coupled (dotted lines) to the reaction space 1401, the pressure

source 1402 and the valves 1406 and 1407 aids in regulating the pressure of the reaction space

prior to, during and after thermoelectric device formation, the rate at which vapor sources flow

into the reaction space 1401, and the temperature of the susceptor 1403 (e.g., susceptor

temperature during processing). The controller 1408 comprises a computer processor (also

"processor" herein) or a plurality of processors, memory (e.g., read-only memory, random-

access memory, flash memory), physical storage media (e.g., hard disk, optical media), a



communications interface (e.g., network card) and a display interface. The controller can be

coupled to the cloud or a distributed network for remote processing, for example.

[00163] The system 1400 can include a plurality of vapor sources. Each of the plurality of

vapor sources can introduce an oxidizing agent or chemical etchant into the reaction space 1401.

The oxidizing agent and chemical etchant can be introduced in the vapor phase, in some cases

with the aid of a carrier gas (e.g., He, N2, Ar, H , C0 2) . The vapor sources can be in fluid

communication with a source of an oxidizing agent or a source of a chemical etchant, which may

be containers holding each of the oxidizing agent or chemical etchant in liquid phase. In some

examples, a carrier gas can be directed through a container having an oxidizing agent or

chemical etchant in the liquid phase to generate a vapor having the oxidizing agent or chemical

etchant, which may be directed into the reaction space 1401 .

[00164] The composition of the vapor source into the reaction space 1401 can be varied by

controlling the flow rates of separate vapor sources with the aid of various devices, such as, e.g.

flow meters, mass flow controllers, and/or gas solenoids. The temperature of the vapor mixture

can be varied by passing the vapor mixture through a gas heater or cooler. The pressure of the

vapor mixture can be controlled between low vacuum to atmospheric to high pressure using, e.g.

pressurizing pumps, compressors, or vacuum pumps.

[00165] The substrate holder 1403 can be configured to rotate a substrate on the substrate

holder 1403 during substrate etching. The substrate holder 1403 may rotate the substrate at a

rate of at least about 1°, 2°, 3°, 4°, 5°, 6°, 7°, 8°, 9°, 10°, 20°, 30°, 40°, 45°, 50°, 60°, 70°, 80°, 90°,

180°, or 360° per minute. As an alternative, or in addition to, the substrate holder 1403 can

vibrate the substrate during etching. As an alternative, or in addition to, the substrate holder

1403 can translate the substrate (e.g., from one side to another side of the reaction space 1401)

during etching.

[00166] In some case, the system 1400 is configured for spray eching. The reaction space

1401 can include one or more spray nozzles configured to deliver a spray or mist of an etchant

mixture to a substrate. The substrate, which may be provided as a wafer, can be used as a

thermoelectric element subsequent to the formation of holes in, or wires from, the substrate. In

some examples, a catalyst patterned wafer is placed on the substrate holder 1403 in the reaction

space 1401. An etchant mixture comprising a chemical etchant (e.g., HF) is supplied via spray

nozzles to the surface of the wafer while the wafer is spun or agitated on the substrate holder

1403. The etchant mixture can be provide into the reaction space 1401 together with a purging

gas (e.g. helium, argon, nitrogen) and/or reactive gas (e.g. 0 2, 0 3, H 0 2) . The mixture can

further a diluent component, such as, for example, water, water vapor, or ethanol.



[00167] Aspects of the systems and methods provided herein can be embodied in

programming. Various aspects of the technology may be thought of as "products" or "articles of

manufacture" typically in the form of machine (or processor) executable code and/or associated

data that is carried on or embodied in a type of machine readable medium. Machine-executable

code can be stored on an electronic storage unit, such memory (e.g., read-only memory, random-

access memory, flash memory) or a hard disk. "Storage" type media can include any or all of

the tangible memory of the computers, processors or the like, or associated modules thereof,

such as various semiconductor memories, tape drives, disk drives and the like, which may

provide non-transitory storage at any time for the software programming. All or portions of the

software may at times be communicated through the Internet or various other telecommunication

networks. Such communications, for example, may enable loading of the software from one

computer or processor into another, for example, from a management server or host computer

into the computer platform of an application server. Thus, another type of media that may bear

the software elements includes optical, electrical and electromagnetic waves, such as used across

physical interfaces between local devices, through wired and optical landline networks and over

various air-links. The physical elements that carry such waves, such as wired or wireless links,

optical links or the like, also may be considered as media bearing the software. As used herein,

unless restricted to non-transitory, tangible "storage" media, terms such as computer or machine

"readable medium" refer to any medium that participates in providing instructions to a processor

for execution.

[00168] Hence, a machine readable medium, such as computer-executable code, may take

many forms, including but not limited to, a tangible storage medium, a carrier wave medium or

physical transmission medium. Non-volatile storage media include, for example, optical or

magnetic disks, such as any of the storage devices in any computer(s) or the like, such as may be

used to implement the databases, etc. shown in the drawings. Volatile storage media include

dynamic memory, such as main memory of such a computer platform. Tangible transmission

media include coaxial cables; copper wire and fiber optics, including the wires that comprise a

bus within a computer system. Carrier-wave transmission media may take the form of electric or

electromagnetic signals, or acoustic or light waves such as those generated during radio

frequency (RF) and infrared (IR) data communications. Common forms of computer-readable

media therefore include for example: a floppy disk, a flexible disk, hard disk, magnetic tape, any

other magnetic medium, a CD-ROM, DVD or DVD-ROM, any other optical medium, punch

cards paper tape, any other physical storage medium with patterns of holes, a RAM, a ROM, a

PROM and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier wave



transporting data or instructions, cables or links transporting such a carrier wave, or any other

medium from which a computer may read programming code and/or data. Many of these forms

of computer readable media may be involved in carrying one or more sequences of one or more

instructions to a processor for execution.

Example 1

[00169] A carrier gas (e.g., nitrogen, argon, helium, carbon dioxide, etc) is bubbled separately

through separate solutions of hydrogen peroxide (oxidizing agent) and hydrogen fluoride

(chemical etchant). The hydrogen peroxide solution comprises about 30 wt. % hydrogen

peroxide in water, and the hydrofluoric acid solution comprises about 49 wt. % hydrofluoric acid

in water. The resulting gases, saturated with the vapors of each of hydrogen peroxide and

hydrofluoric acid, are mixed to yield a vapor phase mixture, which is subsequently directed to a

reaction chamber having a silicon substrate comprising an etching layer. The etching layer

comprises silver particles distributed on the silicon surface in a pattern. The vapor phase mixture

comprising hydrogen peroxide and hydrofluoric acid is then brought in contact with the substrate

and the silver particles of the etching layer. Vapor phase hydrogen peroxide catalytically

decomposes at the silver surfaces and oxidizes the underlying silicon, which is then removed by

vapor phase hydrofluoric acid from the vapor mixture. In such manner, wires are formed in the

silicon substrate.

Example 2

[00170] A catalyst material (e.g., silver) is deposited in a blanket fashion over a silicon wafer

and subsequently removed in desired or otherwise predetermined locations to produce a catalyst

pattern. In one approach, the catalyst material is deposited on the wafer and a masking material

is deposited over it. The masking material is then patterned with a resist mask (e.g.,

photolithography, electron-beam lithography, nanoimprint lithography, block copolymer

lithography) to provide a resist pattern that is transferred into the masking material (e.g., by

reactive ion etching) where it can serve as a hard mask for etching the underlying catalyst

material (e.g., ion milling, reactive ion etching). Exposed portions of the catalyst material are

then contacted with an etchant mixture (e.g., HF and H2O2) to etch the wafer. The masking

material can be selected such that, upon exposure of the catalyst material to an etchant mixture,

the masking material provides directional etching through the wafer with selectivity against the

catalyst material, and that it is robust to serve as a sacrificial mask during a subsequent ion

milling or etching step to remove the masking material. In some examples, the masking material

is selected from silicon oxide, silicon nitride and silicon oxynitride.



[00171] As an alternative, a masking material is first deposited on the wafer using PVD (e.g.,

evaporation, electron-beam evaporation, sputtering), or CVD (e.g., plasma-enhanced, low

pressure, or atmospheric pressure). The masking material is then patterned with a resist mask.

The catalyst material is then deposited, in some cases in excess, using PVD, CVD (e.g.,

metalorganic chemical vapor deposition, electron or ion beam-induced deposition),

electrochemical deposition or electro-less deposition. Any excess material is then removed, for

example, using a chemical mechanical polishing step and/or ion milling step. Exposed portions

of the catalyst material are then contacted with an etchant mixture (e.g., HF and Η20 2) to etch

the wafer. The masking material may be selected such that, upon exposure of the catalyst

material to an etchant mixture, the masking material provides directional etching of the wafer

with selectivity against the wafer, and that it is non-reactive during the catalyst material

deposition and is sufficiently robust during removal, such as using chemical mechanical

polishing or ion milling. The masking material can be a silicon oxide, such as silicon dioxide.

When the masking material is silicon dioxide, wet or dry wafer oxidation can be performed.

[00172] While various embodiments described herein have made reference to semiconductor

substrates, methods described herein may be employed for use with other types of substrates,

such as substrates formed of metallic or insulating (dielectric) materials.

[00173] Thermoelectric elements of the present disclosure can be employed for use in cooling

systems, such as cooling systems for electronic devices, automobiles, or enclosures (e.g., homes,

office buildings). A cooling system can include a fluid flow path that comes in contact with a

thermoelectric device that comprises thermoelectric elements of the present disclosure and

formed according to methods provided herein. The fluid flow path can deliver a working fluid to

the thermoelectric device. In some cases, the cooling system is in thermal contact with a heat

source, such as a computer processor or other source of thermal energy. As an alternative,

thermoelectric elements of the present disclosure can be employed for use in power generation

systems. A power generation system can include a thermoelectric device that comprises

thermoelectric elements of the present disclosure and formed according to methods provided

herein. The power generation system can be electrically coupled to a load, such as an electronic

device, a power grid, and/or an energy storage system (e.g., battery). The power generation

system can deliver power upon the application of a temperature gradient across the

thermoelectric elements of the thermoelectric device.

[00174] Devices, systems and methods provided herein may be combined with or modified by

other devices, systems and methods, such as devices and/or methods described in U.S. Patent

No. 7,309,830 to Zhang et al, U.S. Patent Publication No. 2006/0032526 to Fukutani et al, PCT



Patent Publication No. WO/2013/109729 to Boukai et al., which are entirely incorporated herein

by reference.

[00175] It should be understood from the foregoing that, while particular implementations

have been illustrated and described, various modifications may be made thereto and are

contemplated herein. It is also not intended that the invention be limited by the specific

examples provided within the specification. While the invention has been described with

reference to the aforementioned specification, the descriptions and illustrations of embodiments

of the invention herein are not meant to be construed in a limiting sense. Furthermore, it shall be

understood that all aspects of the invention are not limited to the specific depictions,

configurations or relative proportions set forth herein which depend upon a variety of conditions

and variables. Various modifications in form and detail of the embodiments of the invention will

be apparent to a person skilled in the art. It is therefore contemplated that the invention shall

also cover any such modifications, variations and equivalents.



CLAIMS

WHAT IS CLAIMED IS:

1. A method for forming a thermoelectric element, comprising:

(a) providing a substrate in a reaction space, wherein said substrate comprises a

semiconductor material, wherein said substrate has a pattern of a metallic material adjacent to

said substrate, which metallic material is configured to catalyze the oxidation of said substrate;

(b) exposing said metallic material to a vapor phase oxidizing agent and a vapor phase

chemical etchant; and

(c) etching said substrate at an etch rate of at least about 0.01 micrometers/second to form

holes in or wires from the substrate, thereby forming said thermoelectric element.

2 . The method of Claim 1, wherein each of said holes or wires has an aspect ratio of at least

about 20:1.

3 . The method of Claim 2, wherein each of said holes or wires has an aspect ratio of at least

about 1000:1.

4 . The method of Claim 1, wherein said metallic material is exposed to said gas for a time

period between about 30 seconds and 60 hours.

5 . The method of Claim 1, wherein a ratio of oxidizing agent to chemical etchant in said gas

is at least about 2:1.

6 . The method of Claim 1, wherein said substrate is heated to a temperature between about -

50°C and 200°C.

7 . The method of Claim 1, wherein said gas is heated to a temperature between about -50°C

and 200 °C.

8. The method of Claim 1, wherein the metallic material comprises gold, silver, platinum,

chromium, molybdenum, tungsten, palladium, or combinations thereof.

9 . The method of Claim 1, wherein said substrate is etched at an etch rate of at least about

0.1 micrometers/second.

10. The method of Claim 1, wherein (a) further comprises:

providing a mask adjacent to said substrate;

forming a pattern of holes in said mask, wherein an individual hole exposes an oxide

layer adjacent to said substrate;

exposing said oxide layer to a vapor phase etchant to remove said oxide layer;

depositing said metallic material adjacent to said substrate; and

removing said mask.

11. The method of Claim 10, wherein said vapor phase etchant is hydrofluoric acid.



12. The method of Claim 10, wherein said metallic material is deposited through vapor phase

deposition.

13. The method of Claim 1, further comprising forming a passivation layer on an underside

of said substrate prior to etching said substrate.

14. The method of Claim 1, further comprising applying an electric field across said substrate

while etching said substrate.

15. The method of Claim 1, wherein said substrate is exposed to said vapor phase oxidizing

agent and said vapor phase chemical etchant simultaneously.

16. The method of Claim 1, wherein said substrate is exposed to said vapor phase oxidizing

agent and said vapor phase chemical etchant alternately and sequentially.

17. The method of Claim 1, wherein said vapor oxidizing agent and said vapor phase

chemical etchant are in the supercritical phase.

18. The method of Claim 1, wherein said vapor phase oxidizing agent is selected from the

group consisting of 0 2, 0 3, N0 2 and H 0 2.

19. The method of Claim 1, wherein said vapor phase chemical etchant is selected from the

group consisting of HF, HC1, HBr and HI.

20. The method of Claim 1, wherein said thermoelectric element has a figure-of-merit of at

least about 0.5.

2 1. A method for forming a thermoelectric element, comprising contacting a metallic

material adjacent to a substrate with a vapor phase oxidizing agent and a vapor phase chemical

etchant to form holes in or wires from the substrate at an etch rate of at least about 0 .1

nanometer/second to form said thermoelectric element, wherein said holes or wires have an

aspect ratio of at least about 20:1, and wherein surfaces of said substrate exposed by said holes

or wires have a roughness between about 0.5 nanometers (nm) and 50 nm across said holes or

wires as measured by transmission electron microscopy.

22. The method of Claim 21, wherein said aspect ratio of at least about 1000:1.

23. The method of Claim 21, wherein an individual hole or wire has a surface with a metal

content of at least about 0.000001% as measured by x-ray photoelectron spectroscopy (XPS).

24. The method of Claim 21, wherein said substrate is simultaneously contacted with said

vapor phase oxidizing agent and said vapor phase chemical etchant.

25. The method of Claim 21, wherein said substrate is alternately and sequentially contacted

with said vapor phase oxidizing agent and said vapor phase chemical etchant.

26. The method of Claim 21, wherein said vapor phase oxidizing agent is selected from the

group consisting of 0 , O3, N0 and H20 .



27. The method of Claim 21, wherein said vapor phase chemical etchant is selected from the

group consisting of HF, HC1, HBr and HI.

28. The method of Claim 21, wherein said thermoelectric element has a figure-of-merit of at

least about 0.5.

29. A method for forming a thermoelectric device, comprising:

(a) providing particles of a metallic material adjacent to a substrate, wherein said

particles of the metallic material each has an Euler Characteristic < 2; and

(b) exposing said particles to an oxidizing agent and a chemical etchant to catalytically

etch said substrate at an etch rate of at least about 0.01 micrometers/second to form holes in or

wires from the substrate, thereby forming a thermoelectric element of said thermoelectric device.

30. The method of Claim 29, wherein (a) further comprises:

providing a mask adjacent to said substrate, the mask having an array of holes;

depositing a layer of said metallic material adjacent to said mask and exposed portions of

said substrate; and

removing said mask to provide said particles of said metallic material adjacent to said

substrate.

31. The method of Claim 30, wherein providing said mask further comprises:

forming said mask adjacent to said substrate, said mask having three-dimensional

structures phase-separated in a polymer matrix; and

removing said three-dimensional structures, thereby providing said holes in said polymer

matrix, which holes expose portions of said substrate.

32. The method of Claim 29, wherein said metallic material comprises gold, silver, platinum,

chromium, molybdenum, tungsten, palladium, or combinations thereof.

33. The method of Claim 29, wherein said particles are exposed to said oxidizing agent and

said etchant in the gas phase.

34. The method of Claim 29, wherein said oxidizing agent and said etchant are in the

supercritical phase.

35. The method of Claim 29, wherein said particles of said metallic material each has an

Euler Characteristic equal to zero.

36. The method of Claim 29, wherein said oxidizing agent is selected from the group

consisting of 0 2, 0 3, N0 2 and H 0 2.

37. The method of Claim 29, wherein said chemical etchant is selected from the group

consisting of HF, HC1, HBr and HI.



38. The method of Claim 29, wherein said thermoelectric element has a figure-of-merit of at

least about 0.5.
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