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(57) ABSTRACT 

The present disclosure provides a thermoelectric element 
comprising a flexible semiconductor Substrate having 
exposed surfaces with a metal content that is less than about 
1% as measured by X-ray photoelectron spectroscopy (XPS) 
and a figure of merit (ZT) that is at least about 0.25, wherein 
the flexible semiconductor substrate has a Young's Modulus 
that is less than or equal to about 1x10 pounds per square 
inch (psi) at 25°C. 
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THERMOELECTRIC DEVICES AND 
SYSTEMS 

CROSS-REFERENCE 

0001. This application claims priority to U.S. Provisional 
Patent Application No. 61/970,322, filed Mar. 25, 2014, and 
U.S. Provisional Patent Application No. 62/013,468, filed 
Jun. 17, 2014, each of 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 petro 
leum as their primary fuel source. This is because these 
engines only convert about 30 to 40% of petroleums chemi 
cal energy into useful work. Waste heat generation is an 
unavoidable consequence of the second law of thermodynam 
1CS 

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 effector Peltier effect for power 
generation and heat pumping. The utility of Such conven 
tional thermoelectric devices is, however, typically limited by 
their low coefficient-of-performance (COP) (for refrigeration 
applications) or low efficiency (for power generation appli 
cations). 
0004. Thermoelectric device performance may be cap 
tured by a so-called thermoelectric figure-of-merit, Z-So/k, 
where S is the Seebeck coefficient, ‘O’ 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 dimen 
sionless figure-of-merit, ZT, may be employed to quantify 
thermoelectric device performance, where T can be an aver 
age temperature of the hot and the cold sides of the device. 
0005. Applications of conventional semiconductor ther 
moelectric 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 effi 
ciency of thermoelectric devices made from conventional 
thermoelectric materials with a small figure-of-merit limits 
their applications in providing efficient thermoelectric cool 
1ng. 

SUMMARY 

0006. The present disclosure provides thermoelectric ele 
ments, devices and systems, and methods for forming Such 
elements, devices and systems. 
0007 Although there are thermoelectric devices currently 
available, recognized herein are various limitations associ 
ated with such thermoelectric devices. For example, some 
thermoelectric devices currently available may not be flexible 
and able to conform to objects of various shapes, making it 
difficult to maximize a surface area for heat transfer. As 
another example, some thermoelectric devices currently 
available are substantially thick and not suitable for use in 
electronic devices that require more compact thermoelectric 
devices. 
0008. The present disclosure provides thermoelectric ele 
ments, devices and systems, and methods for forming Such 
thermoelectric elements, devices and systems. Thermoelec 
tric elements and devices of the present disclosure can be 
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flexible and able to conform to objects of various shapes, sizes 
and configurations, making Such elements and devices Suit 
able for use in various settings, such as consumer and indus 
trial settings. Thermoelectric elements and devices of the 
present disclosure can conform to Surfaces to collect waste 
heat and transform at least a fraction of the waste heat to 
usable energy. In some cases waste heat can be generated 
during a chemical, electrical, and/or mechanical energy trans 
formation process. 
0009. In an aspect of the present disclosure, a method for 
forming a thermoelectric element having a figure of merit 
(ZT) that is at least about 0.25 comprises (a) providing a 
reaction space comprising a semiconductor Substrate, a work 
ing electrode in electrical communication with a first Surface 
of the semiconductor Substrate, an etching solution (e.g., 
electrolyte) in contact with a second surface of the semicon 
ductor Substrate, and a counter electrode in the etching solu 
tion, wherein the first and second Surfaces of the semiconduc 
tor Substrate is Substantially free of a metallic coating; and (b) 
using the electrode and counter electrode to (i) direct electri 
cal current to the semiconductor Substrate at a current density 
of at least about 0.1 mA/cm, and (ii) etch the second surface 
of the semiconductor substrate with the etching solution to 
form a pattern of holes in the semiconductor Substrate, 
thereby forming the thermoelectric element having the ZT 
that is at least about 0.25, wherein the etch is performed at an 
electrical potential of at least about 1 volt (V) across the 
semiconductor Substrate and etching solution, and wherein 
the etch has an etch rate that is at least about 1 nanometer (nm) 
per second at 25°C. In some embodiments, the electrical 
potential is at least about 1 volt (V) across the working elec 
trode, etching solution and counter electrode. 
0010. In some embodiments, the electrical potential is an 
alternating current (AC) Voltage. In some embodiments, the 
electrical potential is a direct current (DC) voltage. 
0011. In some embodiments, the working electrode is in 
contact with the first surface. In some embodiments, the 
working electrode is in ohmic contact with the first surface. In 
Some embodiments, the semiconductor Substrate is part of the 
working electrode. 
0012. In some embodiments, the etch rate is at least about 
10 nm per second. In some embodiments, the etch rate is at 
least about 100 nm per second. In some embodiments, the 
etch rate is at least about 1000 nm per second. 
0013. In some embodiments, the current density is at least 
about 1 mA/cm. In some embodiments, the current density is 
at least about 10 mA/cm. In some embodiments, the current 
density is from about 10 mA/cm to 50 mA/cm, 10 mA/cm 
to 30 mA/cm, or 10 mA/cm to 20 mA/cm. In some embodi 
ments, the current density is less than or equal to about 100 
mA/cm or 50 mA/cm. In some embodiments, the semicon 
ductor Substrate is etched under an alternating current at the 
current density. 
0014. In some embodiments, the working electrode is an 
anode during the etching. In some embodiments, the method 
further comprises annealing the semiconductor Substrate Sub 
sequent to (b). In some embodiments, the method further 
comprises, prior to (b), heating the etching solution to a 
temperature that is greater than 25°C. In some embodiments, 
the semiconductor substrate is etched in the absence of (or 
without the aid of) a metal catalyst. 
0015. In some embodiments, the pattern of holes includes 
a disordered pattern of holes. In some embodiments, the 
working electrode does not contact the etching solution. 
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0016. In some embodiments, the etching solution includes 
an acid. In some embodiments, the acid is selected from the 
group consisting of HF, HCl, HBr and HI. In some embodi 
ments, the etching Solution includes an alcohol additive. In 
some embodiments, the etch is performed in the absence of 
illuminating the semiconductor Substrate. 
0017. In some embodiments, the ZT is at least 0.5,0.6,0.7, 
0.8, 0.9, or 1 at 25°C. In some embodiments, the semicon 
ductor Substrate comprises silicon. 
0018. In another aspect, a method for forming a thermo 
electric element having a figure of merit (ZT) that is at least 
about 0.25, comprises (a) providing a semiconductor Sub 
strate in a reaction space comprising an etching solution (e.g., 
electrolyte); (b) inducing flow of electrical current to the 
semiconductor Substrate at a current density of at least about 
0.1 mA/cm; and (c) using the etching solution to etch the 
semiconductor Substrate under the current density of at least 
about 0.1 mA/cm to form a disordered pattern of holes in the 
semiconductor substrate, thereby forming the thermoelectric 
element having the ZT that is at least about 0.25, wherein the 
etching is performed (i) in the absence of a metal catalyst and 
(ii) at an electrical potential of at least about 1 volt (V) across 
the semiconductor Substrate and etching solution, and 
wherein the etching has an etch rate of at least about 1 nanom 
eter (nm) per second at 25°C. 
0019. In some embodiments, the electrical potential is an 
alternating current (AC) Voltage. In some embodiments, the 
electrical potential is a direct current (DC) voltage. 
0020. In some embodiments, the etch rate is at least about 
10 nm per second. In some embodiments, the etch rate is at 
least about 100 nm per second. In some embodiments, the 
etch rate is at least about 1000 nm per second. 
0021. In some embodiments, the current density is at least 
about 1 mA/cm. In some embodiments, the current density is 
at least about 10 mA/cm. In some embodiments, the current 
density is from about 10 mA/cm to 50 mA/cm, 10 mA/cm 
to 30mA/cm, or 10 mA/cm to 20 mA/cm. In some embodi 
ments, the current density is less than or equal to about 100 
mA/cm or 50 mA/cm. In some embodiments, the semicon 
ductor Substrate is etched under an alternating current at the 
current density. 
0022. In some embodiments, the etching solution includes 
an acid. In some embodiments, the acid is selected from the 
group consisting of HF, HCl, HBr and HI. In some embodi 
ments, the etching Solution includes an alcohol additive. In 
some embodiments, the etch is performed in the absence of 
illuminating the semiconductor Substrate. 
0023. In some embodiments, the method further com 
prises annealing the semiconductor Substrate Subsequent to 
(c). In some embodiments, the method further comprises, 
prior to (c), heating the etching Solution to a temperature that 
is greater than 25°C. In some embodiments, the semiconduc 
tor Substrate comprises silicon. 
0024. Another aspect of the present disclosure provides a 
computer readable medium comprising machine executable 
code that, upon execution by one or more computer proces 
sors, implements any of the methods above or elsewhere 
herein. 
0025. Another aspect of the present disclosure provides a 
computer control system comprising one or more computer 
processor and memory coupled thereto. The memory com 
prises machine executable code that, upon execution by the 
one or more computer processors, implements any of the 
methods above or elsewhere herein 
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0026. In another aspect of the present disclosure, a ther 
moelectric device comprising at least one flexible thermo 
electric element including a semiconductor Substrate, 
wherein surfaces of the semiconductor substrate have a metal 
content less than about 1% as measured by X-ray photoelec 
tron spectroscopy (XPS), wherein the flexible thermoelectric 
element has a figure of merit (ZT) that is at least about 0.25 at 
25°C., and wherein the flexible thermoelectric element has a 
Young's Modulus that is less than or equal to about 1x10° 
pounds per square inch (psi) at 25° C. as measured by static 
deflection of the thermoelectric element. 

0027. In some embodiments, the semiconductor substrate 
has a Surface roughness between about 0.1 nanometers (nm) 
and 50 nm as measured by transmission electron microscopy 
(TEM). In some embodiments, the surface roughness is 
between about 1 nm and 20 nm as measured by TEM. In some 
embodiments, the Surface roughness is between about 1 nm 
and 10 nm as measured by TEM. 
0028. In some embodiments, the metal content is less than 
or equal to about 0.001% as measured by XPS. In some 
embodiments, the Young's Modulus is less than or equal to 
about 800,000 psi at 25°C. In some embodiments, the figure 
of merit is at least about 0.5,0.6,0.7, 0.8, 0.9, or 1. 
0029. In some embodiments, the semiconductor substrate 
is chemically doped n-type or p-type. In some embodiments, 
the semiconductor Substrate comprises silicon. 
0030. In some embodiments, the thermoelectric element 
includes a pattern of holes. In some embodiments, the pattern 
of holes is polydisperse. In some embodiments, the pattern of 
holes includes a disordered pattern of holes. In some embodi 
ments, the disordered pattern of holes is polydisperse. 
0031. In some embodiments, the thermoelectric element 
includes a pattern of wires. In some embodiments, the pattern 
of wires is polydisperse. In some embodiments, the pattern of 
wires includes a disordered pattern of wires. In some embodi 
ments, the disordered pattern of wires is polydisperse. 
0032. Another aspect of the present disclosure provides an 
electronic device comprising a flexible thermoelectric ele 
ment including a semiconductor Substrate, wherein Surfaces 
of the semiconductor Substrate have a metal contentless than 
about 1% as measured by X-ray photoelectron spectroscopy 
(XPS), wherein the flexible thermoelectric element has a 
figure of merit (ZT) that is at least about 0.25 at 25°C., and 
wherein the flexible thermoelectric element bends at an angle 
of at least about 10° relative to a measurement plane at a 
plastic deformation that is less than 20% as measured by 
three-point testing. 
0033. In some embodiments, the semiconductor substrate 
has a Surface roughness between about 0.1 nanometers (nm) 
and 50 nm as measured by transmission electron microscopy 
(TEM). In some embodiments, the surface roughness is 
between about 1 nm and 20 nm as measured by TEM. In some 
embodiments, the Surface roughness is between about 1 nm 
and 10 nm as measured by TEM. 
0034. In some embodiments, the metal content is less than 
or equal to about 0.001% as measured by XPS. In some 
embodiments, the flexible thermoelectric element bends at an 
angle of at least about 20° relative to the measurement plane. 
In some embodiments, the figure of merit is at least about 0.5, 
0.6,0.7, 0.8, 0.9, or 1. 
0035. In some embodiments, the electronic device is a 
watch, a health or fitness tracking device, or a waste heat 
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recovery unit. The electronic device can be part of a larger 
system including other electronic devices and a control mod 
ule, for example. 
0036. In some embodiments, the semiconductor substrate 

is chemically doped n-type or p-type. In some embodiments, 
the semiconductor Substrate comprises silicon. 
0037. In some embodiments, the electronic device com 
prises a plurality of thermoelectric elements. Each of the 
plurality of thermoelectric elements can be as described 
above or elsewhere herein. In some embodiments, the plural 
ity of thermoelectric elements are oppositely chemically 
doped n-type and p-type. 
0038. In some embodiments, the thermoelectric element 
includes a pattern of holes. In some embodiments, the pattern 
of holes is polydisperse. In some embodiments, the pattern of 
holes includes a disordered pattern of holes. In some embodi 
ments, the disordered pattern of holes is polydisperse. 
0039. In some embodiments, the thermoelectric element 
includes a pattern of wires. In some embodiments, the pattern 
of wires is polydisperse. In some embodiments, the pattern of 
wires includes a disordered pattern of wires. In some embodi 
ments, the disordered pattern of wires is polydisperse. 
0040 Another aspect of the present disclosure provides a 
system for generating power, comprising a fluid flow channel 
for directing a fluid; and a thermoelectric device comprising 
at least one flexible thermoelectric element adjacent to at least 
a portion of the fluid flow channel, wherein the flexible ther 
moelectric element has a Young's Modulus that is less than or 
equal to about 1x10 pounds per square inch (psi) at 25°C., 
wherein the flexible thermoelectric element has a first surface 
that is in thermal communication with the fluid flow channel 
and a second Surface that is in thermal communication with a 
heat sink, and wherein the thermoelectric device generates 
power upon the flow of heat from the fluid flow channel 
through the thermoelectric device to the heat sink. 
0041. In some embodiments, the thermoelectric device 
comprises at least two thermoelectric elements that are oppo 
sitely chemically doped n-type and p-type. In some embodi 
ments, the Young's Modulus is less than or equal to about 
800,000 psi at 25° C. 
0042. In some embodiments, the thermoelectric element 
comprises a semiconductor material. In some embodiments, 
the semiconductor material includes silicon. 

0043. In some embodiments, the flexible thermoelectric 
element substantially conforms to a shape of the fluid flow 
channel. In some embodiments, the fluid flow channel is a 
pipe. In some embodiments, the fluid flow channel is cylin 
drical. 
0044 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. Accord 
ingly, the drawings and description are to be regarded as 
illustrative in nature, and not as restrictive. 

INCORPORATION BY REFERENCE 

0045 All publications, patents, and patent applications 
mentioned in this specification are herein incorporated by 
reference to the same extent as if each individual publication, 
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patent, or patent application was specifically and individually 
indicated to be incorporated by reference. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0046. 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 prin 
ciples of the invention are utilized, and the accompanying 
drawings (also “figure' and “FIG. herein), of which: 
0047 FIG. 1 shows a thermoelectric device having a plu 
rality of elements: 
0048 FIG. 2 is a schematic perspective view of a thermo 
electric element, in accordance with an embodiment of the 
present disclosure; 
0049 FIG. 3 is a schematic top view of the thermoelectric 
element of FIG. 2, in accordance with an embodiment of the 
present disclosure; 
0050 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; 
0051 FIG. 5 is a schematic perspective top view of a 
thermoelectric element, in accordance with an embodiment 
of the present disclosure; 
0.052 FIG. 6 is a schematic perspective top view of the 
thermoelectric element of FIG. 5, in accordance with an 
embodiment of the present disclosure; 
0053 FIG. 7 is a schematic perspective view of a thermo 
electric device comprising elements having an array of wires, 
in accordance with an embodiment of the present disclosure; 
0054 FIG. 8 is a schematic perspective view of a thermo 
electric device comprising elements having an array of holes, 
in accordance with an embodiment of the present disclosure; 
0055 FIG. 9 is a schematic perspective view of a thermo 
electric 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; 
0056 FIG. 10 schematically illustrates a method for 
manufacturing a flexible thermoelectric device comprising a 
plurality of thermoelectric elements; 
0057 FIG. 11 schematically illustrates a flexible thermo 
electric device having a flexible thermoelectric material; 
0.058 FIG. 12 schematically illustrates a heat recovery 
system comprising a heat sink and a thermoelectric device; 
0059 FIG. 13 schematically illustrates a weldable tube 
with an integrated thermoelectric device and heat sinks; 
0060 FIG. 14A schematically illustrates a flexible heat 
sink wrapped around an object, FIG. 14B is a cross-sectional 
side view of FIG. 14A; 
0061 FIG. 15 schematically illustrates a flexible thermo 
electric tape with an integrated heat sink; 
0062 FIG. 16 schematically illustrates an electronic 
device having thermoelectric elements in electrical commu 
nication with top and bottom interconnects; 
0063 FIG. 17A is a schematic perspective side view of a 
baby monitor; FIG.17B is a schematic angled side view of the 
baby monitor of FIG. 17A: FIG. 17C is a schematic side view 
of the baby monitor of FIG. 17A: FIG. 17D is a schematic top 
view of the baby monitor of FIG. 17A: 
0064 FIG. 18A is a schematic perspective side view of a 
pacemaker; FIG. 18B is a schematic side view of the pace 
maker of FIG. 18A: FIG. 18C is a schematic top view of the 
pacemaker of FIG. 18A: 



US 2016/O 1972.59 A1 

0065 FIG. 19A is a schematic perspective view of a wear 
able electronic device: FIG. 19B schematically illustrates the 
wearable electronic device of FIG. 19A adjacent to a hand of 
a user, 

0066 
0067 FIG. 21A is a schematic perspective view of a medi 
cal device: FIG. 21 B schematically illustrates the medical 
device of FIG. 21A mounted on a body of a user; 
0068 FIG. 22 schematically illustrates heat recover sys 
tems as part of a vehicle exhaust system; 
0069 FIG. 23A is a schematic perspective side view of a 
heat recovery and power generation system installed on a 
radiator; FIG. 23B is a schematic side view of the heat recov 
ery and power generation system of FIG. 23A; 
0070 FIG. 24A is a schematic perspective side view of a 
heat recovery and power generation system installed in a heat 
exchanger; FIG. 24B is a schematic side view of the heat 
recovery and power generation system of FIG. 24A, 
0071 FIG. 25 shows a computer control system that is 
programmed or otherwise configured to implement various 
methods provided herein, such as manufacturing thermoelec 
tric elements; and 
0072 FIG. 26A shows a scanning electron microscopy 
(SEM) micrograph of athermoelectric element; and FIG. 26B 
shows an x-ray diffraction (XRD) plot showing bulk and 
porous silicon in a thermoelectric element. 

FIG. 20 is a schematic perspective view of eyewear; 

DETAILED DESCRIPTION 

0.073 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 Substi 
tutions may occur to those skilled in the art without departing 
from the invention. It should be understood that various alter 
natives to the embodiments of the invention described herein 
may be employed. 
0074 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 (“mi 
cron') 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 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 sub 
strate material. The holes can form a mesh having an array of 
holes. In other cases, nanostructure can include rod-like 
structures, such as wires, cylinders or box-like structure. The 
rod-like structures can have circular, elliptical, triangular, 
Square, rectangular, pentagonal, hexagonal, heptagonal, 
octagonal or nonagonal, or other cross-sections. 
0075. The term “nanohole.” as used herein, generally 
refers to a hole, filled or unfilled, having a width or diameter 
less than or equal to 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 "nanoinclusion.” 

0076. The term “nanowire,” as used herein, generally 
refers to a wire or other elongate structure having a width or 
diameter that is less than or equal to about 1000 nm, or 500 
nm, or 100 nm, or 50 nm, or smaller. 
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0077. 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. 
0078. The term “p-type as used herein, generally refers 
to a material that is doped with anp-type dopant. For instance, 
silicon can be doped p-type using boron or aluminum. 
007.9 The term “metallic, as used herein, generally refers 
to a substance exhibiting metallic properties. A metallic mate 
rial can include one or more elemental metals. 
0080. 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. 
I0081. The term “etching material.” as used herein, gener 
ally refers to a material that facilitates the etching of substrate 
(e.g., semiconductor Substrate) adjacent to the etching mate 
rial. 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. 
I0082. The term “etching layer as used herein, generally 
refers to a layer that comprises an etching material. Examples 
of etching materials include silver, platinum, chromium, 
molybdenum, tungsten, osmium, iridium, rhodium, ruthe 
nium, palladium, copper, nickel and other metals (e.g., noble 
metals), or any combination thereof, or any non-noble metal 
that can catalyze the decomposition of a chemical oxidant, 
Such as, for example, copper, nickel, or combinations thereof. 
I0083. The term “etch block material.” as used herein, gen 
erally 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. An etch block 
material can have an etch rate that is lower than that of an 
etching material. 
I0084. 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. 
I0085. The term “current density, as used herein, generally 
refers to electric (or electrical) current per unit area of cross 
section, Such as the cross section of a Substrate. In some 
examples, current density is electric current per unit area of a 
Surface of a semiconductor Substrate. 
I0086. The term “adjacent” or “adjacent to.” as used herein, 
includes next to, adjoining, in contact with, and in proX 
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imity to. In some instances, adjacent components are sepa 
rated 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. 

Thermoelectric Elements, Devices and Systems 
0087. The present disclosure provides thermoelectric ele 
ments, devices and systems that can be employed for use in 
various applications. Such as heating and/or cooling applica 
tions, power generation, consumer applications and industrial 
applications. In some examples, thermoelectric materials are 
used in consumer electronic devices (e.g., Smart watches, 
portable electronic devices, and health/fitness tracking 
devices). As another example, a thermoelectric material of the 
present disclosure can be used in an industrial setting, Such as 
at a location where there is heat loss. In Such a case, heat can 
be captured by a thermoelectric device and used to generate 
power. 
0088. Thermoelectric devices of the present disclosure 
can be used to generate power upon the application of a 
temperature gradient across such devices. Such power can be 
used to provide electrical energy to various types of devices, 
Such as consumer electronic devices. 
I0089. Thermoelectric devices of the present disclosure 
can have various non-limiting advantages and benefits. In 
Some cases, thermoelectric devices can have substantially 
high aspect ratios, uniformity of holes or wires, and figure 
of-merit, ZT, which can be suitable for optimum thermoelec 
tric 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, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 
0.08, 0.09, 0.1, 0.15, 0.2,0.25, 0.3, 0.35, 0.4, 0.45 0.5,0.55, 
0.6,0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1, 1.2, 1.3, 14, 
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 at 25°C. In some case, the figure-of-merit is from 
about 0.01 to 3, 0.1 to 2.5, 0.5 to 2.0 or 0.5 to 1.5 at 25° C. 
0090 The figure of merit (ZT) can be a function of tem 
perature. In some cases, ZT increases with temperature. For 
example, a thermoelectric having a ZT of 0.5 at 25° C. can 
have a greater ZT at 100° C. 
0091. Thermoelectric devices of the present disclosure 
can have electrodes each comprising an array of nanostruc 
tures (e.g., holes or wires). The array of nanostructures can 
include a plurality of holes or elongate structures, such as 
wires (e.g., nanowires). The holes or wires can be ordered and 
have uniform sizes and distributions. As an alternative, the 
holes or wires may not be ordered and may not have a uniform 
distribution. In some examples, there is no long range order 
with respect to the holes or wires. In some cases, the holes or 
wires may intersect each other in random directions. Methods 
for forming patterned or disordered patterns of nanostruc 
tures (e.g., holes or wires) are provided elsewhere herein. 
0092. The present disclosure provides thermoelectric ele 
ments that are flexible or substantially flexible. A flexible 
material can be a material that can be conformed to a shape, 
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twisted, or bent without experiencing plastic deformation. 
This can enable thermoelectric elements to be used in various 
settings, such as settings in which contact area with a heat 
Source or heat sink is important. For example, a flexible 
thermoelectric element can be brought in efficient contact 
with a heat Source or heat sink, Such as by wrapping the 
thermoelectric element around the heat source or heat sink. 

0093. A thermoelectric device can include one or more 
thermoelectric elements. The thermoelectric elements can be 
flexible. An individual thermoelectric element can include at 
least one semiconductor substrate which can be flexible. In 
Some cases, individual semiconductor Substrates of athermo 
electric element are rigid but substantially thin (e.g., 500 nm 
to 1 mm or 1 micrometer to 0.5 mm) such that they provide a 
flexible thermoelectric element when disposed adjacent one 
another. Similarly, individual thermoelectric elements of a 
thermoelectric device can be rigid but substantially thin such 
that they provide a flexible thermoelectric device when dis 
posed adjacent one another. 
0094 FIG. 1 shows a thermoelectric device 100, in accor 
dance with some embodiments of the present disclosure. The 
thermoelectric device 100 includes n-type 101 and p-type 102 
elements 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 connects adjacent n-type 101 
and p-type elements, as illustrated. 
0095. 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 conduc 
tive. The application of an electrical potential to the elec 
trodes 103 and 104 leads to the flow of current, which gener 
ates a temperature gradient (AT) across the thermoelectric 
device 100. The temperature gradient (AT) extends from a 
first temperature (average), T1, at the hot side material 105 to 
a second temperature (average), T2, at the cold side material 
106, where T1DT2. The temperature gradient can be used for 
heating and cooling purposes. 
(0096. The n-type 101 and p-type 102 elements of the ther 
moelectric device 100 can be formed of structures having 
dimensions from nanometers to micrometers, such as, e.g., 
nanostructures. In some situations, the nanostructures are 
holes or inclusions, which can be provided in anarray of holes 
(i.e., 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. 
0097. 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. The holes 
or wires, in Some cases, have dimensions on the order of 
nanometers to micrometers. In some cases, holes can define a 
nanomesh. 
0.098 FIG. 2 is a schematic perspective view of a thermo 
electric 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 
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200 can be an n-type or p-type element, as described else 
where 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 embodi 
ments, 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. 
0099. 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 (e.g., graphite or graphene), silicon, germanium, 
gallium arsenide, aluminum gallium arsenide, silicides, sili 
congermanium, bismuth telluride, lead telluride, oxides (e.g., 
SiO, where X is a number greater than Zero), gallium nitride 
and tellurium silver germanium antimony (TAGS) containing 
alloys. For example, the substrate 200a can be a Group IV 
material (e.g., silicon or germanium) or a Group III-V mate 
rial (e.g., gallium arsenide). 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. 
0100. In some cases, the holes 201a are filled with a gas, 
such as He, Ne, Ar., N, H., CO, O, or a combination thereof. 
In other cases, the holes 201a are under vacuum. Alterna 
tively, the holes may be filled (e.g., partially filled or com 
pletely filled) with a semiconductor material, an insulating (or 
dielectric) material, or a gas (e.g., He, Ar. H, N, CO). 
0101. A first end 202 and second end 203 of the element 
200 can be in contact with a Substrate having a semiconduc 
tor-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 sub 
strate 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. 
0102. In some embodiments, the holes 201a are substan 

tially monodisperse. Monodisperse holes may have Substan 
tially 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. Polydisperse 
holes can have shapes, sizes and/or orientations that deviate 
from one another by at least about 0.1%, 0.5%, 1%, 2%, 3%, 
4%, 5%, 10%, 15%, 20%, 30%, 40%, or 50%. In some situ 
ations, 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. 
0103) The holes 201a can have various packing arrange 
ments. In some cases, the holes 201a, when viewed from the 
top (see FIG. 3), have a hexagonal close-packing arrange 
ment. 

0104. 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. 
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0105. 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 conduc 
tivity 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 elec 
trical conductivity of the element 200. 
0106 The doping concentration of the substrate 200a can 
be at least about 10 cm, 10 cm, 10 cm, or 10' 
cm. In some examples, the doping concentration is from 
about 10' to 10 cm, or 10' to 10 cm. The doping 
concentration can be selected to provide a resistivity that is 
suitable for use as a thermoelectric element. The resistivity of 
the substrate 200a can be at least about 0.001 ohm-cm, 0.01 
ohm-cm, or 0.1 ohm-cm, and in Some cases less than or equal 
to about 1 ohm-cm, 0.5 ohm-cm, 0.1 ohm-cm. In some 
examples, the resistivity of the substrate 200a is from about 
0.001 ohm-cm to 1 ohm-cm, 0.001 ohm-cm to 0.5 ohm-cm, or 
0.001 ohm-cm to 0.1 ohm-cm. 
0107 The array of holes 201 can have an aspect ratio (e.g., 
the length of the element 200 divided by width of an indi 
vidual 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. 
0108. The holes 201 can be ordered and have uniform 
sizes and distributions. As an alternative, the holes 201 may 
not be ordered and may not have a uniform distribution. For 
example, the holes 201 can be disordered such that there is no 
long range order for the pattern of holes 201. 
0109. 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. 
0110. As an alternative to the array of holes of the element 
200, the holes may not be ordered and may not have a uniform 
distribution. In some examples, there is no long range order 
with respect to the holes. In some cases, the holes may inter 
sect each other in random directions. The holes may include 
intersecting holes, such as secondary holes that project from 
the holes in various directions. The secondary holes may have 
additional secondary holes. The holes may have various sizes 
and may be aligned along various directions, which may be 
random and not uniform. 
0111 FIG. 5 is a schematic perspective top view of a 
thermoelectric element 500, in accordance with an embodi 
ment of the present disclosure. FIG. 6 is a schematic perspec 
tive top view of the thermoelectric element 500. The thermo 
electric 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 embodi 
ments, 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. 
0.112. In some embodiments, the wires 501a are substan 
tially monodisperse. Monodisperse wires may have substan 
tially the same size, shape and/or distribution (e.g., cross 
sectional distribution). In other embodiments, the wires 501a 
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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. Polydisperse 
wires can have shapes, sizes and/or orientations that deviate 
from one another by at least about 0.1%, 0.5%, 1%, 2%, 3%, 
4%, 5%, 10%, 15%, 20%, 30%, 40%, or 50%. 
0113. 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. 
0114. In some embodiments, the wires 501a are formed of 
a Solid state material. Such as a semiconductor material. Such 
as, e.g., silicon, germanium, gallium arsenide, aluminum gal 
lium arsenide, silicide alloys, alloys of silicon germanium, 
bismuth telluride, lead telluride, oxides (e.g., SiO, where x' 
is a number greater than Zero), gallium nitride and tellurium 
silver germanium antimony (TAGS) containing alloys. The 
wires 501 a can be formed of other materials disclosed herein. 
The wires 501a can be doped with an n-type dopant or a 
p-type dopant. The doping concentration of the semiconduc 
tor material can be at least about 10 cm, 10 cm, 10' 
cm, or 10 cm. In some examples, the doping concen 
tration is from about 10 to 10 cm, or 10 to 10 cm. 
The doping concentration of the semiconductor material can 
be selected to provide a resistivity that is suitable for use as a 
thermoelectric element. The resistivity of the semiconductor 
material can beat least about 0.001 ohm-cm, 0.01 ohm-cm, or 
0.1 ohm-cm, and in Some cases less than or equal to about 1 
ohm-cm, 0.5 ohm-cm, 0.1 ohm-cm. In some examples, the 
resistivity of the semiconductor material is from about 0.001 
ohm-cm to 1 ohm-cm, 0.001 ohm-cm to 0.5 ohm-cm, or 0.001 
ohm-cm to 0.1 ohm-cm. 

0115. 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 indi 
vidual 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. 

0116. With reference to FIG. 6, space 504 between the 
wires 501 a 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., N, H., CO, O, or a combina 
tion thereof. 

0117 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 
SaC. 
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0118. 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. 
0119. As an alternative to the array of wires of the element 
500, the wires may not be ordered and may not have a uniform 
distribution. In some examples, there is no long range order 
with respect to the wires. In some cases, the wires may inter 
sect each other in random directions. The wires may have 
various sizes and may be aligned along various directions, 
which may be random and not uniform. 
I0120 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 struc 
tures. 

I0121 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. 
0.122 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 ter 
minals 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 insu 
lating 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. 
(0123 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 Sub 
strate can include an array of holes, such as nanoholes. The 
array of holes can 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 diam 
eters) that may be different. In Such a case, the holes may not 
be monodisperse. 
0.124 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 ther 
mally conductive, electrically insulating layer (“first layer') 
805 and a second thermally conductive, electrically insulat 
ing layer (“second layer') 806 at opposite ends of the ele 
ments 801 and 802. 

0.125. 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 ter 
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minals 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 insu 
lating 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. 
0126 The thermoelectric device 800 has a temperature 
gradient from the second thermally conductive, electrically 
insulating layer 806 to the first thermally conductive, electri 
cally insulating layer 805. In some cases, the holes are dis 
posed 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. 

0127 FIG. 9 shows a thermoelectric device 900 having 
n-type elements 901 and p-type elements 902, with the ele 
ments 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. 
0128 Wires or holes of thermoelectric elements provided 
herein may beformed 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 elec 
trode. 

0129. As an alternative to the devices of FIGS. 7-9, a 
thermoelectric device can have athermoelectric element with 
an array of holes or wires with individual holes or wires that 
may have different sizes and/or distributions. An array of 
holes or wires may not be ordered and may not have a uniform 
distribution. In some examples, there is no long range order 
with respect to the holes or wires. In some cases, the holes or 
wires may intersect each other in random directions. The 
holes or wires may include intersecting holes or wires, such as 
secondary holes or wires that project from other holes or 
wires in various directions. The holes or wires may have 
various sizes and may be aligned along various directions, 
which may be random and not uniform. As another alterna 
tive, a thermoelectric device can include at least one thermo 
electric element (p or n-type) with an order array of holes or 
wires, and at least one thermoelectric element (p or n-type) 
with a disordered array of holes or wires. The disordered array 
of holes or wires may include holes or wires that are not 
ordered and do not have a uniform distribution. 

0130. 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 deter 
mined by transmission electron microscopy (TEM) or other 
Surface analytical technique, Such as atomic force micros 
copy (AFM) or scanning tunneling microscopy (STM). The 
Surface roughness may be characterized by a surface corru 
gation. 
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Methods for Forming Thermoelectric Elements 
I0131 The present disclosure provides various methods for 
forming thermoelectric elements. A thermoelectric element 
can be formed using electrochemical etching. In some cases, 
a thermoelectric element is formed by cathodic or anodic 
etching, in Some cases without the use of a catalyst. A ther 
moelectric element can be formed without use of a metallic 
catalysis. A thermoelectric element can be formed without 
providing a metallic coating on a Surface of a Substrate to be 
etched. This can also be performed using purely electro 
chemical anodic etching and suitable etch Solutions and elec 
trolytes. As an alternative, a thermoelectric can be formed 
using metal catalyzed electrochemical etching in Suitable 
etch solutions and electrolytes, as described in, for example, 
PCT/US2012/047021, filed Jul. 17, 2012, PCT/US2013/ 
021900, filed Jan. 17, 2013, PCT/US2013/055462, filed Aug. 
16, 2013, PCT/US2013/067346, filed Oct. 29, 2013, each of 
which is entirely incorporated herein by reference. 
I0132 Recognized herein are various benefits to not using 
catalysts to form thermoelectric elements. In an example, a 
non-metal catalyzed etch can preclude the need for metal (or 
metallic) catalysts, which can provide for fewer processing 
steps, including cleanup steps to remove the metal catalysts 
from the thermoelectric element after etching. This can also 
provide for reduced manufacturing cost, as metal catalysts 
can be expensive. Metal catalysts can include rare and/or 
expensive metallic materials (e.g., gold, silver, platinum, or 
palladium), and eliminating the use of a metallic catalyst can 
advantageously decrease the cost of forming thermoelectric 
elements. Additionally, the non-catalyzed process can be 
more reproducible and controllable. In some cases, the non 
catalyzed process described herein can be scaled from a rela 
tively small production scale of thermoelectric elements to a 
relatively larger production scale of thermoelectric elements. 
I0133. The present disclosure provides methods for form 
ing thermoelectric materials for use in various applications, 
Such as consumer and industrial applications. In some 
examples, thermoelectric materials are used in consumer 
electronic devices (e.g., Smart watches, portable electronic 
devices, and health/fitness tracking devices). As another 
example, a thermoelectric material of the present disclosure 
can be used in an industrial setting, Such as at a location where 
there is heat loss, which heat can be captured and used to 
generate power. 
I0134. The present disclosure provides methods for form 
ing flexible or substantially flexible thermoelectric materials. 
A flexible material can be a material that bends at an angle of 
least about 1,5°, 10°, 15, 20°, 259, 30°, 35°, 40°, 45°, 50°, 
60°, 70°, 80°, 90°, 100°, 120°, 130°, 140°, 150°, 160°, 1709, 
or 180° relative to a measurement plane without experiencing 
plastic deformation or breaking. The flexible material can 
bend under an applied force over a given area of the flexible 
material (i.e. pressure). Plastic deformation can be measured 
by, for example, three-point testing (e.g., instron extension) 
or tensile testing. As an alternative or in addition to, the 
flexible material can be a material that bends at an angle of 
least about 1,5°, 10°, 15, 20°, 259, 30°, 35°, 40°, 45°, 50°, 
60°, 70°, 80°, 90°, 100°, 120°, 130°, 140°, 150°, 160°, 1709, 
or 180° relative to a measurement plane at a plastic deforma 
tion that is less than or equal to about 20%, 15%, 10%, 5%, 
1%, or 0.1% as measured by three-point testing (e.g., instron 
extension) or tensile testing. A flexible material can be a 
substantially pliable material. A flexible material can be a 
material that can conform or mold to a Surface. Such materials 
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can be employed for use in various settings, such as consumer 
and industrial settings. Thermoelectric elements formed 
according to methods herein can be formed into various 
shapes and configurations. Such shapes can be changed as 
desired by a user, Such as to conform to a given object. The 
thermoelectric elements can have a first shape, and after being 
formed into a shape or configuration the thermoelectric ele 
ments can have a second shape. The thermoelectric elements 
can be transformed from the second shape to the initial shape. 
0135) In an aspect of the present disclosure, a thermoelec 

tric device (or material) is formed using anodic etching. 
Anodic etching can be performed in an electrochemical etch 
cell that provides electrical connections to the substrate being 
etched, one or more reservoirs to hold the etch solutions or 
electrolytes in contact with the Substrate, and access for ana 
lytical measurements or monitoring of the etching process. 
The etch solutions and/or electrolytes can comprise an aque 
ous Solution. The etch (or etching) solutions and/or electro 
lytes can be a basic, neutral, or acidic Solution. Examples of 
etching Solutions include acids, such as hydrofluoric acid 
(HF), hydrochloric acid (HCl), hydrogen bromide (HBr), 
hydrogen iodide (HI), or combinations thereof. The etch solu 
tions and/or electrolytes can be an electrically conductive 
Solution. In an example, the etch cell includes a top reservoir 
that contains a solution comprising an electrolyte. The top 
reservoir can be situated adjacent to (e.g., on top of) a Sub 
strate to be etched. The substrate to be etched can be substan 
tially free of one or more metallic material, which may be 
catalytic materials. The substrate to be etched may be free of 
a metallic coating. In some examples, the Substrate to be 
etched has a metal content (e.g., on a surface of the Substrate) 
that is less than about 25%, 20%, 15%, 10%, 5%, 1%, 0.1%, 
0.01%, 0.001%, 0.0001%, 0.00001%, or 000001%, as mea 
sured by X-ray photoelectron spectroscopy (XPS). 
0.136 An etching solution can include an acid (e.g., HF) or 
a concentration of acids (taken as a weight percentage) that is 
less than or equal to about 70%, 60%, 50%, 40%, 30%, 20% 
or 10% (by weight), in Some cases greater than or equal to 
about 1%, 10%, 20%, or 30%. In some examples, the con 
centration (by weight) is from about 1% to 60%, or 10% to 
50%, or 20% to 45%. The balance of the etching solution can 
include a solvent (e.g., water) and an additive, such as an 
alcohol, carboxylic acid, ketone and/or aldehyde. In some 
examples, the additive is an alcohol. Such as methanol, etha 
nol, isopropanol, or a combination thereof. The additive can 
enable the user of lower current densities while forming nano 
structures (e.g., holes) with properties that are Suitable foruse 
in thermoelectric elements of the present disclosure. Such as 
a substantially uniform distribution of holes having a disor 
dered pattern. The additive can enable the user of lower cur 
rent densities while forming nanostructures (e.g., holes) with 
properties that are suitable for use in thermoelectric elements 
of the present disclosure, such as increased control of the 
spacing between two or more holes. The additive can enable 
the user of lower current densities while forming nanostruc 
tures (e.g., holes) with properties that are suitable for use in 
thermoelectric elements of the present disclosure, Such as 
spacing between two or more holes of at most about 5 nm. The 
additive can enable the user of lower current densities while 
forming nanostructures (e.g., holes) with properties that are 
suitable for use in thermoelectric elements of the present 
disclosure. Such as spacing between two or more holes of at 
most about 20 nm. The additive can enable the user of lower 
current densities while forming nanostructures (e.g., holes) 
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with properties that are suitable for use in thermoelectric 
elements of the present disclosure, such as spacing between 
two or more holes of at most about 100 nm. 

0.137 Electric current can be sourced to and/or through the 
Substrate using an edge or backside contact, through the solu 
tion/electrolyte, and into a counter electrode. The counter 
electrode can be in electrical communication with the top 
reservoir, in Some cases situated in the top reservoir. In some 
cases, the counter electrode is adjacent or in contact with a 
topside of the substrate. The body of the etch cell can be 
fabricated from materials inert to the etch solution or electro 
lyte (e.g., PTFE, PFA, polypropylene, HDPE). The edge or 
backside contact can include a metal contact on the Substrate, 
or it can be a liquid contact using a suitable electrolyte. The 
counter electrode can include a wire or mesh constructed 
from a suitable electrode material. The etch cell can contain 
mechanical paddles or ultrasonic agitators to maintain solu 
tion motion, or the entire cell may be spun, rotated or shaken. 
In Some examples, agitating the solution before and/or during 
etching can provide for improved etching uniformity. This 
can enable the electrolyte to be circulated during etching. In 
another example, the etch cell can contain one or more recir 
culating reservoirs and etch chambers, with one or more 
solutions/electrolytes. 
0.138. In an example, an unpatterned substrate is loaded 
into reaction space provided with up to five or more electrode 
connections. One of the electrodes is in ohmic contact with 
the substrate backside (the working electrode) and is isolated 
from an etchant electrolyte. One of the electrodes can be in 
ohmic contact with the substrate backside (the working elec 
trode) and may not be in contact with an etchant electrolyte. 
Another electrode (the counter electrode) can be submerged 
in the electrolyte but not in direct contact with the substrate, 
and used to Supply current through the electrolyte to the 
substrate working electrode. Another electrode (the reference 
electrode) is immersed in the electrolyte and isolated from 
both the working and counter electrodes, in some cases using 
a frit, and used to sense the operating potential of the etch cell 
using a known or predetermined reference standard. Another 
two or more electrodes may be placed outside the reaction 
space in order to set up an external electric field. In some 
cases, at least two electrodes—a working electrode and a 
counter electrode—are required. 
0.139. The reaction space can be used in a number of ways. 
In one approach, the reaction space can be used in a two 
electrode configuration by passing an anodic current via the 
substrate backside through a suitable electrolyte. The electro 
lyte can be, for example, a liquid mixture containing a diluent, 
Such as water, or a fluoride-containing reagent, such as 
hydrofluoric acid, or an oxidizer, such as hydrogen peroxide. 
The electrolyte can include Surfactants and/or modifying 
agents. The working potential can be sensed during anodiza 
tion using the counter electrode in a three-electrode configu 
ration. The anodization can be performed in the presence of a 
DC or AC external field using the electrodes placed outside 
the reaction space. 
0140. In anodic etching, a voltage/current assisted etch of 
a semiconductor can result in etching of the semiconductor at 
a rate dependent on the Voltage/current. The etch rate, etch 
depth, etch morphology, pore density, pore structure, internal 
Surface area and Surface roughness can be controlled by the 
Voltage/current, etch Solution/electrolyte composition and 
other additives, pressure/temperature, front/backside illumi 
nation, and stirring/agitation. They can also be controlled by 
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the crystal orientation, dopant type, resistivity (doping con 
centration), and growth process (e.g., float-Zone or Czochral 
ski) of the semiconductor. The resistivity of the semiconduc 
tor can be at least about 0.001 ohm-cm, 0.01 ohm-cm, or 0.1 
ohm-cm, and in Some cases less than or equal to about 1 
ohm-cm, 0.5 ohm-cm, 0.1 ohm-cm. In some examples, the 
resistivity of the semiconductor is from about 0.001 ohm-cm 
to 1 ohm-cm, 0.001 ohm-cm to 0.5 ohm-cm, or 0.001 ohm-cm 
to 0.1 ohm-cm. 

0141. During etching of a semiconductor Substrate using 
Voltage/current control, a potential or bias (e.g., direct current 
bias) is applied to the Substrate using an underlying electrode. 
This can result in the semiconductor Substrate being etched. 
As a result of anodic etching, the semiconductors thermal 
conductivity can drop significantly. In some examples, by 
employing an applied bias, the porosity (mass loss) can be 
controlled and tuned and therefore the thermal and electrical 
properties can be controlled. In other examples, by employing 
a specific etch Solution/electrolyte composition and/or addi 
tives the porosity can be controlled. In yet other examples, by 
employing any number of variables already listed, the poros 
ity can be controlled. 
0142. In some cases, the semiconductor Substrate is unpat 
terned and in Some cases it is patterned. In an unpatterned 
etch, the substrate is etched directly in the cell. In a patterned 
etch, a blocking layer that prevents etching can first be placed 
over the semiconductor, and then removed in specific loca 
tions. This layer may be formed in any manner Suitable (e.g., 
chemical vapor deposition, spin-coating, oxidation) and then 
be removed in a Subsequent step in desired locations (e.g., 
plasma etching, reactive ion etching, Sputtering) using a Suit 
able mask (e.g., photolithography). Alternatively, a blocking 
layer can be deposited directly (e.g., dip pen lithography, 
inkjet printing, spray coating through a stencil). Subse 
quently, a negative replica of the pattern in the blocking layer 
is transferred into the substrate during the anodic etch. 
0143. The etch can be performed by applying an electrical 
potential (“potential”) to the semiconductor substrate, in the 
presence of a suitable etch solution/electrolyte. The potential 
can be, for example, at least about +0.01 V. +0.02 V. +0.03 V. 
+0.04V, +0.05 V, +0.06V, +0.07 V, +0.08 V, +0.09 V, +0.1 V, 
+0.2V, +0.3 V, +0.4 V, +0.5V, +0.6V, +0.7V, +0.8 V, +0.9 V. 
+1.0V, +2.0 V, +3.0 V, +4.0V, +5.0V, +10V, +20 V, +30 V, +40 
V, or +50 V relative to a reference, such as ground. In some 
examples, the potential is from about +0.01 V to +20 V, +0.1 
V to +10 V, or +0.5 V to +5 V relative to a reference. In some 
examples, the potential can range from about +0.01 V to 
+0.05 V, +0.06 V to +0.1 V, +0.2V to +0.5V, +0.6 V to +1.0 
V, +2.0 V to +5.0 V, +10 V to +20 V, +20V to +30 V, +30V to 
+40 V, or +4OV to +50. In some examples, the potential is 
from about +0.5 V to +5 V, or +1 V to +5 V. 
0144. The etch can be performed by applying or generat 
ing an electrical current (“current’) to or through the semi 
conductor Substrate, in Some cases in the presence of a Suit 
able etch solution/electrolyte. The current can be applied to 
the substrate upon the application of the potential to the 
Substrate. The current can have a current density, for example, 
of at least about +0.01 milliamps per square centimeter (mA/ 
cm), +0.1 mA/cm, +0.2 mA/cm, +0.3 mA/cm, +0.4 
mA/cm, +0.5 mA/cm, +0.6 mA/cm, +0.7 mA/cm, +0.8 
mA/cm, +0.9 mA/cm, +1.0 mA/cm, +2.0 mA/cm, +3.0 
mA/cm, +4.0 mA/cm, +5.0 mA/cm, +6.0 mA/cm, +7.0 
mA/cm, +8.0 mA/cm, +9.0 mA/cm, +10 mA/cm, +20 
mA/cm, +30 mA/cm, +40 mA/cm, +50 mA/cm, +60 
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mA/cm 
mA/cm 

, +70 mA/cm, +80 mA/cm, +90 mA/cm, +100 
+200mA/cm, +300 mA/cm, +400 mA/cm, +500 

mA/cm, +600 mA/cm, +700 mA/cm, +800 mA/cm, +900 
mA/cm, +1000 mA/cm. In some examples, the current den 
sity ranges from about 0.01 mA/cm to 20 mA/cm, 0.05 
mA/cm to 10 mA/cm, or 0.01 mA/cm to 5 mA/cm. In 
Some examples, the current density ranges from about +0.1 
mA/cm to +0.5 mA/cm, +0.6 to +1.0 mA/cm, +1.0 
mA/cm to +5.0 mA/cm, +5.0 mA/cm to +10 mA/cm, +10 
mA/cm to +20 mA/cm, +20 mA/cm to +30 mA/cm, +30 
mA/cm to +40 mA/cm, +40 mA/cm to +50 mA/cm, +50 

2 2 

2 
mA/cm to +60 mA/cm, +60 mA/cm to +70 mA/cm, +70 
mA/cm to +80 mA/cm, +80 mA/cm to +90 mA/cm, +90 
mA/cm to +100 mA/cm, +10 mA/cm to +200 mA/cm, 
+20 mA/cm to +300 mA/cm, +300 mA/cm to +400 
mA/cm, +40 mA/cm to +500 mA/cm, +500 mA/cm to 
+600 mA/cm, +600 mA/cm to +700 mA/cm, +700 
mA/cm to +800mA/cm, +800 mA/cm to +900 mA/cm, or 
+900 mA/cm to +1000 mA/cm. In some examples, the 
current density is from about 1 mA/cm to 30 mA/cm, 5 
mA/cm to 25 mA/cm, or 10 mA/cm to 20 mA/cm. Such 
current densities may be achieved with potential provided 
herein, such as a potential from about +0.5 V to +5 V, or +1 V 
to +5 V. 

0145 The electrical potential (or voltage) can be mea 
Sured using a Voltmeter, for instance. The Voltmeter can be in 
parallel with the substrate. For example, the voltmeter can be 
measure the electrical potential between two sides of the 
Substrate, or the electrical potential between a working elec 
trode and counter electrode in solution. The current density 
can be measured using an ammeter. The ammeter can be in 
series with a power source and the substrate. For example, the 
ammeter can be coupled to a backside of the substrate. 
0146 Thermoelectric elements of the present disclosure 
can beformed at an etching time that is selected to provide an 
array of nanostructures (e.g., holes or wires). Etching times 
can range from 1 second to 2 days, 1 minute to 1 day, 1 minute 
to 12 hours, 10 minutes to 6 hours, or 30 minutes to 3 hours. 
In some examples, the etching time is from 30 minutes to 6 
hours, or 1 hour to 6 hours. In some cases, etching times can 
beat least about 1 second, 10 seconds, 30 seconds, 1 minute, 
2 minutes, 3 minutes, 4 minutes, 5 minutes, 10 minutes, 30 
minutes, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 12 
hours, or 1 day. Such etching times can be used in combina 
tion with applied Voltage and/or current of the present disclo 
SU 

0.147. In some cases, the bias applied to the semiconductor 
Substrate can be changed during etching to regulate the etch 
rate, etch depth, etch morphology, pore density, pore struc 
ture, internal Surface area and Surface roughness of the semi 
conductor Substrate, including the density and location of 
nanostructuring in the semiconductor Substrate. In another 
case, the etch Solution/electrolyte composition and/or addi 
tives can be changed during etching. In yet other cases, the 
pressure/temperature or illumination or stirring/agitation can 
be changed. Alternatively, more than one of these variables 
may be changed simultaneously to obtain the desired etch 
characteristics. 

0.148. During the period in which the substrate is etched, 
the electrical potential can be constant, varied or pulsed. In an 
example, the electrical potential is constant during the etching 
period. In another example, the electrical potential is pulsed 
on and off, or from positive to negative, during the etching 
period. In another example, the electrical potential is varied 
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during the etching period. Such as varied gradually from a first 
value to a second value, which second value can be less than 
or greater than the first value. The electrical potential can then 
be varied from the second value to the first value, and so on. 
In yet another example, the bias/current may be oscillated 
according to a sinusoidal/triangular/arbitrary waveform. In 
Some cases, the bias/current can be pulsed with a frequency of 
at least about 1 Hz, 10 Hz, 1000 Hz, 5000 Hz, 10000 Hz, 
50000 Hz, or 100000 Hz. 

0149. The bias and/or current can be DC or AC, or a 
combination of DC and AC. Use of an AC bias and/or current 
with DC offset can provide control over the etch rate using the 
DC bias/current and control over ions using the AC bias/ 
current. The AC bias/current can alternately enhance and 
retard the etch rate, or increase? decrease the porosity/surface 
roughness, or modify the morphology and structure in a peri 
odic or non-periodic fashion. The amplitude and frequency of 
the AC bias/current can be used to tune the etch rate, etch 
depth, etch morphology, pore density, pore structure, internal 
Surface area and Surface roughness. 
0150. In some situations, the application of an electrical 
potential to a semiconductor Substrate during etching can 
provide for a given etch rate. In some examples, the Substrate 
can be etched at a rate of at least about 0.1 nanometers 
(nm)/second (s), 0.5 nm/s, 1 nm/s, 2 mm/s, 3 mm/s, 4 nm/s, 5 
nm/s, 6 mm/s, 7 mm/s, 8 nm/s, 9 mm/s, 10 nm/s, 20 nm/s, 30 
nm/s, 40 nm/s, 50 nm/s, 60 nm/s, 70 nm/s, 80 nm/s, 90 nm/s, 
100 nm/s, 200 nm/s, 300 nm/s, 400 nm/s, 500 nm/s, 600 nm/s, 
700 nm/s, 800 nm/s, 900 nm/s, 1000 nm/s, or 10,000 nm/s at 
25° C. In other cases, the etch rate may be increased/de 
creased with a change in pressure/temperature, Solution/elec 
trolyte composition and/or additives, illumination, stirring/ 
agitation. 
0151. The porosity of a semiconductor substrate during 
etching using an applied potential or current density can 
provide a Substrate with a porosity (mass loss) that can pro 
vide a thermoelectric element that is suitable for various 
applications. In some examples, the porosity is at least about 
0.01%, 0.1%, 1%. 5%, 10%, 20%, 30%, 40%, 50%, or 60%. 
The porosity can be from about 0.01% to 99.99%, 0.1% to 
60%, or 1% to 50%. 

0152. A substrate can have a thickness that is selected to 
yield a thermoelectric element that is suitable for various 
applications. The thickness can be at least about 100 nanom 
eters (nm), 500 nm, 1 micrometer (micron), 5 microns, 10 
microns, 100 microns, 500 microns, 1 millimeter (mm), or 10 
mm. In some examples, the thickness is from about 500 nm to 
1 mm, 1 micron to 0.5 mm, or 10 microns to 0.5 mm. 
0153. The etch may be performed to completion through 
the entire thickness of the substrate, or it may be stopped at 
any depth. A complete etch yields a self-supporting nano 
structured material with no underlying unetched substrate. 
An incomplete etch yields a layer of nanostructured material 
over underlying unetched substrate. The nanostructured layer 
may have a thickness at least about 10 nanometers (nm), 20 
nm, 30 nm, 40 nm, 50 nm, 60 nm, 70 nm, 80 nm, 90 nm, 100 
nm, 200 nm, 300 nm, 400 nm, 500 nm, 600 nm, 700 nm, 800 
nm, 900 nm, 1 micrometers (Lm), 2 um, 3 Lim, 4 um, 5um, 6 
um, 7 um, 8 um, 9 um, 10um, 20 Lum, 30 Jum, 40 um, 50 um, 
60 um, 70 um, 80 um, 90 um, 100 um, 200 um, 300 um, 400 
um, 500 um, 600 um, 700 um, 800 um, 900 um, 1 millimeters 
(mm), 2 millimeters (mm), 3 millimeters (mm), 4 millimeters 
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(mm), 5 millimeters (mm), 6 millimeters (mm), 7 millimeters 
(mm), 8 millimeters (mm), 9 millimeters (mm), 10 millime 
ters (mm) or more. 
0154 The nanostructured layer may be left on the sub 
strate, or it may be separated from the substrate in a number of 
ways. The layer may be mechanically separated from the 
Substrate (e.g., using a diamond saw, Scribing and cleaving, 
laser cutting, peeling off). Alternatively, the layer can be 
separated from the Substrate by effecting electropolishing 
conditions at the etching front at the base of the layer. These 
conditions can be achieved by a change in pressure, change in 
temperature, change in Solution composition, change in elec 
trolyte composition, use of additives, illumination, stirring, 
and/or agitation, or by waiting a Sufficient duration of time 
(e.g., more than about 1 day). In some cases, a partial or 
incomplete separation may be desired. Such that the layer is 
still weakly attached to the substrate. This can be achieved by 
varying between normal etching conditions and electropol 
ishing. Complete separation can then be achieved in a Subse 
quent Step. 
0.155. After etching, the material may be chemically modi 
fied to yield functionally active or passive surfaces. For 
example, the material may be modified to yield chemically 
passive Surfaces, or electronically passive Surfaces, or bio 
logically passive surfaces, or thermally stable surfaces, or a 
combination of the above. This can be accomplished using a 
variety of methods, e.g., thermal oxidation, thermal silana 
tion, thermal carbonization, hydrosilylation, Grignard 
reagents, electrografting. In some cases, one or more of the 
above methods may be used to obtain a surface with the 
desired or otherwise predetermined combination of proper 
ties. 
0156 After modification, the voids in the material may 
also be fully or partially impregnated with a filling material. 
For example, the filling material may be electrically conduc 
tive, or thermally insulating, or mechanically strengthening, 
or a combination of the above. Suitable filling materials may 
include one or more of the following groups: insulators, semi 
conductors, semimetals, metals, polymers, gases, or vacuum. 
Filling can be accomplished using a variety of methods, e.g., 
atomic layer deposition, chemical vapor deposition, deposi 
tion from chemical bath or polymerization bath, electro 
chemical deposition, drop casting or spin coating or immer 
sion followed by evaporation of a solvated filling material. In 
Some cases, one or more of the above methods may be used to 
obtain filling materials with the desired combination of prop 
erties. 

0157. After filling, the material may also be sealed with a 
capping material. For example, the capping material may be 
impermeable to gases, or liquids, or both. Suitable filling 
materials may include one or more of the following groups: 
insulators, semiconductors, semimetals, metals or polymers. 
Capping can be accomplished using a variety of methods, 
e.g., atomic layer deposition, chemical vapor deposition, 
deposition from chemical bath or polymerization bath, elec 
trochemical deposition, drop casting or spin coating or 
immersion followed by evaporation of a solvated filling mate 
rial. In some cases, one or more of the above methods may be 
used to obtain capping materials with the desired or predeter 
mined combination of properties. 
0158. After etching, the material can be washed with a 
Suitable rinsing solution (e.g., water, methanol, ethanol, iso 
propanol, toluene, hexanes etc.) and dried (e.g., blow drying, 
evaporative drying, oven/furnace drying, vacuum drying, 
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critical point drying, or air drying). The rinsing solution can 
be selected depending on the mode of drying. 
0159. After anodic etching, the thermal and electrical 
properties of the semiconductor may be further controlled or 
tuned by coarsening or annealing the semiconductor nano 
structure (pore or hole morphology, density, structure, inter 
nal Surface area and Surface roughness) through the applica 
tion of heat and time. Temperatures between about 50° C. and 
1500° C., or 100° C. and 1300° C. for a time period from 
about 1 second to 1 week can be utilized to control the thermal 
and electrical properties of the semiconductor. In some cases, 
the time period is at least about 1 second, 10 seconds, 30 
seconds, 1 minute, 2 minutes, 3 minutes, 4 minutes, 5 min 
utes, 10 minutes, 30 minutes, 1 hour, 2hours, 3 hours, 4 hours, 
5 hours, 6 hours, 12 hours, or 1 day. The annealing may be 
performed in vacuum (e.g., at a pressure that is from about 
1x10'Torr to <760 Torr) or in the presence of a suitable gas 
(e.g., helium, neon, argon, Xenon, hydrogen, nitrogen, form 
ing gas, carbon monoxide, carbon dioxide, oxygen, water 
vapor, air, methane, ethane, propane, Sulfur hexafluoride and 
mixtures thereof). The gas can be an inert gas. Annealing can 
be performed on partially or completely etched substrates, 
completely separated etched layers on unetched substrates, 
partially separated etched layers on unetched substrates, or 
unseparated etched layers on unetched Substrates. In some 
cases, when layers on unetched Substrates are annealed, the 
semiconductor coarsening may proceed in Such a fashion as 
to separate the layers from the unetched substrate. This can be 
convenient for effecting layer separation. 
0160 Electrical contacts may be deposited on or adjacent 
to the nanostructured material using standard deposition tech 
niques (e.g., silk-screening, inkjet deposition, painting, 
spraying, dip-coating, Soldering, metal Sputtering, metal 
evaporation). These may be metal contacts (e.g., gold, silver, 
copper, aluminum, indium, gallium, lead-containing solder, 
lead-free solder or combinations thereof) with/without suit 
able adhesion layers (e.g., titanium, chromium, nickel or 
combinations thereof). Alternatively, they may be silicide 
contacts (e.g., titanium silicide, cobalt silicide, nickel silicide, 
palladium silicide, platinum silicide, tungsten silicide, 
molybdenum silicide etc.). Barrier layers (e.g., platinum, pal 
ladium, tungsten nitride, titanium nitride, molybdenum 
nitride etc.) may be inserted to prevent inter-diffusion 
between the silicon and the contact, or between contact lay 
ers, or between every layer. In other examples, they may be 
combinations of both metal and silicide contacts. A silicide 
contact can be provided to reduce contact resistance between 
a metal contact and the Substrate. Examples of silicides 
include tungsten silicide, titanium disilicide and nickel sili 
cide. A Subsequent annealing step may be used to form the 
contact and improve its properties. For example annealing 
can reduce contact resistance, which can provide an ohmic 
COntact. 

0161. After electrical contacts have been formed, the 
material can be assembled into a thermoelectric device com 
prising of p- and n-type thermoelectric elements (or legs). A 
thermoelectric device can include p- and n-legs connected 
electrically in series, and thermally in parallel with each 
other. They can be built upon electrically insulating and ther 
mally conductive rigid plates (e.g., aluminum nitride, alumi 
num oxide, silicon carbide, silicon nitride etc.) with electrical 
connections between the legs provided by metal intercon 
nects (e.g., copper, aluminum, gold, silver etc.). In another 
example, the thermoelectric material may be assembled on a 
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flexible insulating material (e.g., polyimide, polyethylene, 
polycarbonate etc.). Electrical connections between the legs 
are provided via metal interconnects integrated on the flexible 
material. The resulting thermoelectric may be in sheet, roll or 
tape form. Desired sizes of thermoelectric material may be 
cut out from the sheet, roll or tape and assembled into devices. 
0162 Processing conditions (e.g., applied Voltages and 
current densities) provided herein have various unexpected 
benefits, such as the formation of nanostructures (e.g., holes) 
having orientations and configurations that provide thermo 
electric elements and devices of the present disclosure with 
enhanced or otherwise improved properties, such as a ther 
moelectric element with a ZT from about 0.01 to 3, 0.1 to 2.5, 
0.5 to 2.0 or 0.5 to 1.5 at 25° C. Such processing conditions 
can provide for the formation of an array nanostructures in a 
Substrate. The array of nanostructures can have a disordered 
pattern. Such processing conditions can provide for the for 
mation of flexible thermoelectric elements or devices. 
0163 FIG. 10 schematically illustrates a method for 
manufacturing a flexible thermoelectric device comprising a 
plurality of thermoelectric elements. A p-type or n-type sili 
con Substrate that has been processed using, for example, a 
non-catalytic approach described elsewhere herein (e.g., 
anodic etching) is coated on both sides with a suitable contact 
material. Such as titanium, nickel, chromium, tungsten, alu 
minum, gold, platinum, palladium, or any combination 
thereof. The substrate is then heated to a temperature of at 
least about 250° C., 300° C., 350° C., 400° C., 450° C., 500° 
C.,550°C.,600° C., 650° C., 700° C.,750° C., 800° C., 8500 
C.,900° C.950° C., or 1000°C., and cut into multiple pieces 
using, for example, a diamond cutter, wire saw, or laser cutter. 
0164. Next, in a metallization operation, individual pieces 
of the cut Substrate are placed on bottom and top tapes having 
widths of about 30 centimeters (cm). The tapes can beformed 
of a polymeric material. Such as, for example, polyimide, 
polycarbonate, polyethylene, polypropylene, or copolymers, 
mixtures and composites of these and other polymers. 
0.165 Next, the individual pieces are subjected to solder 
coating to form serial connections to the individual pieces 
across a given tape. The tapes are then combined through one 
or more rollers (two rollers are illustrated). A thermally con 
ductive adhesive can be provided around the tables to help 
seal the individual pieces between the tapes. 
0166 Thermoelectric elements, devices and systems 
formed according to methods provided herein can have vari 
ous physical characteristics. The performance of a thermo 
electric device of the disclosure may be related to the prop 
erties and characteristics of holes and/or wires of 
thermoelectric elements. In some cases, optimum device per 
formance 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 that is less than or equal to about 
0.000001%, 0.00001%, 0.0001%, 0.001%, 0.01%, 0.1%, 1%, 
5%, 10%, 15%, 20%, or 25%, as measured by X-ray photo 
electron spectroscopy (XPS). 
0.167 A thermoelectric element of the present 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 
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microscopy (TEM) or other Surface analytical technique, 
Such as atomic force microscopy (AFM) or scanning tunnel 
ing microscopy (STM). The Surface roughness may be char 
acterized by a surface corrugation. 

Uses of Thermoelectric Elements 

0168 Thermoelectric elements, devices and systems of 
the present disclosure can be employed for use in various 
settings or employed for various uses. Settings can include, 
without limitation, healthcare, consumer, and industrial set 
tings. Such uses include, without limitation, flexible thermo 
electric tape with flexible heat sinks, wearable electronic 
devices powered by body heat, waste heat recovery units for 
generating power (e.g., waste heat recovery unit in a vehicle 
or chemical plant). 
0169 Heat sink can aid in collecting or dissipating heat. A 
heat sink can include one or more heat fins which can be sized 
and arranged to provide increase heat transfer area. 
(0170 FIG. 11 shows a flexible thermoelectric device 
1101. The flexible thermoelectric device 1101 can include 
thermoelectric elements 1102 in a serial configuration (see, 
e.g., FIG. 1). The flexible thermoelectric device can have a 
Young's Modulus that is less than or equal to about 30x10' 
pounds per square inch (psi), 20x10 psi, 10x10 psi, 5x10 
psi, 2x10 psi, 1x10 psi,900,000 psi, 800,000 psi, 700,000 
psi, 600,000 psi, 500,000 psi, 400,000, 300,000, or 200,000 
psi at 25°C. The Young's Modulus can be measured by static 
deflection of the thermoelectric element. The Young's Modu 
lus can be measured by a tensile test. 
0171 In some cases, a flexible thermoelectric device can 
be used with heat sinks and electrical interconnects. The 
device can be in the shape of a tape, film or sheet form. The 
device can be substantially flat and flexible, which can enable 
the device to have increased contact Surface area with a Sur 
face. 
0172 Aheat sink may be any flexible material, which can 
be sufficiently thermally conductive to provide low internal 
thermal resistance and sufficiently thin to bend in a flexible 
manner. In some cases, a heat sink can have a thickness from 
about 0.1 millimeters (mm) to 100 mm, or 1 mm to 10 mm. 
The heat sink can include thermoelectric elements provided 
herein within or in contact with a matrix or substrate. The 
matrix or Substrate can be a polymer foil, elastomeric poly 
mer, ceramic foil, semiconductor foil, insulator foil, insulated 
metal foil or combinations thereof. To increase the surface 
area presented to the environment for effective thermal trans 
fer, the matrix or substrate may be patterned with dimples, 
corrugations, pins, fins or ribs. 
(0173 FIG. 12 shows a heat sink 1201 and a thermoelectric 
device 1202 with thermoelectric material adjacent to the heat 
sink 1201. The thermoelectric material can include thermo 
electric elements disclosed herein. The thermoelectric device 
1202 is adjacent to a mating surface 1203, which can be used 
to mate with an object, Such as, for example, a pipe or an 
electronic device (e.g., computer processor). The thermoelec 
tric material can be flexible and able to conform to the shape 
of the molding surface. The heat sink 1201 can include attach 
ment members 1204 that can enable the heat sink 1201 to be 
secured to the object. 
0.174 Heat sinks with integrated or standalone thermo 
electric devices can be used with other objects, such as objects 
with Surfaces that can provide for a temperature gradient. For 
examples, heat sinks can be used with tubes, which may be 
employed in various settings, such as industrial settings. FIG. 
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13 shows a weldable tube 1301 with an integrated thermo 
electric device and heat sinks. A cold side heat sink 1302 is 
situated at an exterior of the tube 1301 and a hot side heat sink 
1303 is situated at an interior of the tube 1301. The tube 1301 
can be formed of a metallic or metal-containing material. A 
thermoelectric device 1304 comprising a thermoelectric 
material is disposed at an exterior of the tube, between the 
tube and the cold side heat sink. 
(0175 FIGS. 14A and 14B show a flexible heat sink 1401 
wrapped around an object 1402, which can be, for example, a 
pipe carrying a hot or cold fluid. FIG. 14B is a cross-sectional 
side view of FIG. 14A. The heat sink can include thermoelec 
tric elements in a thermoelectric device layer 1403, which can 
include thermoelectric elements provided herein. The object 
1402 can have a hot or cold surface, which can be situated 
adjacent to a side of the thermoelectric device layer 1403. An 
opposing side of the thermoelectric device layer can be situ 
ated adjacent to an environment that is hotter or colder than 
the surface, thereby providing a temperature differential. The 
thermoelectric elements can be in electrical communication 
as described herein (see, e.g., FIG. 1) and in electrical com 
munication with electrical wires 1404a and 1404b at an end of 
the thermoelectric device layer 1403. 
0176). As an alternative, the heat sink can be separate from 
the thermoelectric device layer. The thermoelectric device 
layer can be in the form of a tape, which can be wrapped 
around an object. The heat sink can be subsequently applied 
to the thermoelectric device layer. 
(0177. The thermoelectric device may have both sides 
attached to heat sinks, or have only one side attached to a heat 
sink, or have neither side attached to a heat sink. The thermo 
electric device may have both sides coated with adhesive, or 
have only one side coated with adhesive, or have neither side 
coated with adhesive. The adhesive can permit the thermo 
electric device to be securely coupled to an object and/or one 
or more heatsinks. The adhesive can be sufficiently thermally 
conductive. 
0.178 Heat sink substrates or matrixes may be any flexible 
electrically insulating material, which can be thin enough to 
present a low thermal resistance. Examples include polymer 
foil (e.g., polyethylene, polypropylene, polyester, polysty 
rene, polyimide, etc.); elastomeric polymer foil (e.g., poly 
dimethylsilaZane, polyisoprene, natural rubber, etc.); fabric 
(e.g., conventional cloths, fiberglass mat, etc.); ceramic, 
semiconductor, or insulator foil (e.g., glass, silicon, silicon 
carbide, silicon nitride, aluminum oxide, aluminum nitride, 
boron nitride, etc.); insulated metal foil (e.g., anodized alu 
minum or titanium, coated copper or steel, etc.); or combina 
tions thereof. The substrate can be both flexible and stretch 
able when an elastomeric material is used. 

(0179 FIG. 15 shows a flexible thermoelectric tape with an 
integrated heat sink. The tape includes a flexible heat sink 
1501 and a thermoelectric material 1502 adjacent to the heat 
sink. The heat sink 1501 includes a pattern of dimples, which 
can provide for improved surface area for heat transfer. The 
tape can include electrical wires that are coupled to electrodes 
of the thermoelectric material 1502. The wires can be situated 
at an end of the tape. 
0180. The tape can be applied to various objects, such as 
planar or non-planar objects. In an example, the tape is 
wrapped around a pipe. The tape can be Supplied from a roll 
and applied to an object from the roll. 
0181. Thermoelectric elements, devices and systems of 
the present disclosure can be used with electrical intercon 
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nects. The electrical interconnects may be any flexible elec 
trically conductive material, which can be sufficiently thin to 
present low electrical resistance. Examples include metals 
and their alloys and intermetallics (e.g., aluminum, titanium, 
nickel, chromium, nichrome, tantalum, hafnium, niobium, 
Zirconium, Vanadium, tungsten, indium, copper, silver, plati 
num, gold, etc.), silicides (e.g., titanium silicide, nickel sili 
cide, chromium silicide, tantalum silicide, hafnium silicide, 
Zirconium silicide, Vanadium silicide, tungsten silicide, cop 
per silicide), conductive ceramics (e.g., titanium nitride, 
tungsten nitride, tantalum nitride, etc.), or combinations 
thereof. The thermoelectric elements may be formed of flex 
ible substrates, such as materials that are sufficiently thin to be 
flexible. Examples of such materials include bismuth tellu 
ride, lead telluride, half-heuslers, skutterudites, silicon, and 
germanium. In some examples, the thermoelectric elements 
are formed of a nanostructured semiconductor (e.g., silicon), 
which can be made sufficiently thin to be flexible. The nano 
structure semiconductor can have a thickness that is less than 
or equal to about 100 micrometer (microns), 10 microns, 1 
micron, 0.5 microns, or 0.1 microns. FIG. 16 shows an elec 
tronic device having thermoelectric elements 1601 that are 
used with top interconnects 1602 and bottom interconnects 
1603. The thermoelectric elements 1601 can be situated 
between at least a portion of the top interconnects 1602 and a 
bottom interconnects 1603. The interconnects 1602 and 1603 
and thermoelectric elements 1601 can be disposed on a sub 
strate 1604. The interconnects 1602 and 1603 can have a 
linear pattern 1605 or a zigzag pattern 1606. 
0182. In some cases, depending on the combination of 
component materials used, the flexible thermoelectric device 
may be optimally used at conditions at room temperature, 
near room temperature, or at temperatures Substantially 
below room temperature, or at temperatures Substantially 
above room temperature. The choice of nanostructured semi 
conductor for the thermoelectric elements can permit effec 
tive operation of the device across abroad temperature range 
spanning at least about -273°C. to above 1000°C. 
0183. Additionally, depending on the power rating, the 
interconnect pattern may be varied. For example, given a 
fixed device size, the output current can be maximized if the 
thermoelectric elements are connected in parallel linear 
chains. As another example, the output current can be halved 
and the output voltage doubled, if the thermoelectric elements 
are connected in a ZigZag pattern (see FIG. 16). Many inter 
connect patterns are possible. Additionally, external circuitry 
or switches may be used to switch on/off specific intercon 
nection segments, reroute the interconnection network, or 
step up/down the output Voltage or current. 
0184. In some embodiments, thermoelectric elements, 
devices and systems provided herein can be used in or with 
wearable electronic devices. Such wearable electronic 
devices can be powered at least in part by body heat. For 
example, a thermoelectric device can be provided in a shirt or 
jacket lining, which can help generate power using the tem 
perature difference between the body of a user and the exter 
nal environment. This can be used to directly provide power 
to an electronic device (e.g., wearable electronic device or 
mobile device), or to charge a rechargeable battery of the 
electronic device. 

0185. A thermoelectric material can be integrated in an 
apparatus that converts body heat to electricity for purposes 
of powering electronic circuits. The apparatus can be inte 
grated with a wearable electronic device, including, but not 
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limited to, Smart watches, Smartglasses, worn or in-ear media 
players, consumer health monitors (such as pedometers or 
baby monitors), hearing aids, medical devices (such as heart 
rate monitors, blood pressure monitors, brain activity (EEG) 
monitors, cardiac activity (EKG) monitors, pulse oximeters, 
insulin monitors, insulin pumps, pacemakers, wearable 
defibrillators). The apparatus can be a standalone apparatus 
that can be used to power electronic devices, such as mobile 
electronic devices, including, but not limited to, Smartphones 
(e.g., Apple(R) iPhone) or laptop computers. The apparatus can 
be integrated into an electronically augmented piece of cloth 
ing or body accessory, including, but not limited to, Smart 
clothing, Smart jewelry (e.g., bracelets, bangles, rings, ear 
rings, studs, necklaces, wristbands, or anklets). The apparatus 
may be used as the sole source of electrical power, generating 
at least about 1 W. 10 W, 100 W, 1 mW. 10 mW. 20 mW. 
30 mW, 40 mW, 50 mW, 100 mW, or 1 W, in some cases from 
1 uW to 10 mW. It can also be augmented or supported by 
another source (e.g., battery, capacitors, Supercapacitors, 
photovoltaic panels, kinetic energy, or rechargeable from 
wall). 
0186. In an example, the apparatus includes a heat collec 

tor, a heat expeller, and a thermoelectric device Sandwiched 
there between so as to be interposed in the primary path of 
heat flow. In another example, the apparatus may be inte 
grated with power management circuitry (e.g., step up trans 
formers, direct current (DC) to DC converters, trickle charge 
circuits, etc.) or power storage (battery, capacitor, Superca 
pacitor, etc.). In yet another example, the apparatus may be 
further integrated with sensors, data storage, communication 
and/or display circuitry, and microprocessor Systems. 
0187. A heat collector can absorb heat from the body of a 
user and channel heat to the thermoelectric device. It may take 
any form amenable for its purpose and can be sufficiently 
thermally conductive to absorb heat from the body and chan 
nel heat to the thermoelectric device. In some cases, a heat 
collector is a slab, plate, ring, or annulus. The heat collector 
can be formed of a thermally conductive metal, ceramic, or 
plastic. In an example, the heat collector is a metallic band. In 
another example, the heat collector may be integrated with a 
heat pipe. The heat collector may be held on the body by 
physical insertion, loose or tight clamping, friction, or adhe 
SVS. 

0188 In some cases, the heat expeller can remove heat 
from the thermoelectric device and expel heat to the environ 
ment. The heat expeller can have any shape, form or configu 
ration, such as, for example, a slab, plate, ring, or annulus. 
The heat expeller can be sufficiently thermally conductive to 
remove heat from the thermoelectric device and expel it to the 
environment. In some cases, the heat expeller is formed of a 
thermally conductive metal, ceramic, or plastic. In an 
example, the heat expeller is a metallic heat sink. In another 
example, the heat expeller may be integrated with a heat pipe. 
(0189 The thermoelectric device can convert heat into 
electricity, and may be rigid, semi-rigid or flexible. In some 
cases, use of a flexible thermoelectric device can simplify 
manufacturing and assembly of the apparatus. In an example, 
this may be one or more layers of a flexible thermoelectric 
device and attached between the heat collector and expeller 
using thermally conductive adhesives, mechanical preform 
ing or mechanical clamping. 
0190. In some cases, the apparatus may take the form of a 
bracelet or ring. In another implementation, the apparatus 
may take the form of spectacle frames. In yet another imple 
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mentation, the apparatus may take the form of a patch to be 
applied over a human chest, back or torso using adhesive or 
attachment straps. In yet another implementation, the appa 
ratus may take the form of an implantable film, disc or plate. 
The apparatus can provide an output power from the thermo 
electric device of at least aboutl microwatts (uW), 10uW. 100 
W. 1 mW. 10 milliwatts (mW), 20 mW, 30 mW, 40 mW, 50 
mW. 100 mW, or 1 watt (W), in some cases from 1 uW to 10 
mW, at a voltage of at least about 1 mV, 2 mV, 3 mV. 4 mV. 5 
mV. 10 mV, 20 mV, 30 mV, 40 mV, 50 mV, 100 mV, 200 mV. 
300 mV, 400 mV, 500 mV, 1 V, 2 V, 3 V, 4 V, 5 V or 10 V, in 
some cases from about 10 mV-10 V. In some situations, a 
lower voltage can be converted to at least about 1 V. 2, V, 2.1 
V, 2.2V, 2.3 V, 2.35 V, 2.4 V, 2.45 V, 2.5V, 3 V, 3.1V, 3.2V, 3.3 
V, 3.4 V, 3.5 V, 3.6 V, 3.7V, 3.8 V, 3.9 V, 4 V, 4.1V, 4.2V, 4.3 
V. 4.4 V, 4.5V, or 5.0 V using a DC-DC converter and asso 
ciated power management circuitry, and is used to power 
circuits directly or to trickle charge a power storage unit Such 
as a battery. An auxiliary power Supply, such as a battery, can 
also be included in the apparatus to provide reserve power in 
times of intermittent bodily contact, decreased power output 
or increased power consumption. The apparatus can also 
contain a set of sensors, display and communication circuits, 
and microprocessors to measure, store and display informa 
tion. 

(0191 FIGS. 17A-17Dshow various views of a baby moni 
tor. The baby monitor can be powered at least in part by body 
heat, such as the body heat of a baby. The baby monitor 
includes a band or belt 1701 and a buckle or harness piece 
1702 that is integrated with heat collectors and heat expellers, 
a thermoelectric device with thermoelectric material, power 
management electronics and energy storage, a sensor, a com 
munications interface (e.g., for wireless communication with 
another electronic device) and a computer processor. 
(0192 FIGS. 18A-18Ds various views of a body heat 
powered pacemaker system. The system includes a pace 
maker 1801, an implantable thermoelectric module 1802 
comprising a thermoelectric device of the present disclosure, 
and power leads 1803. The thermoelectric module 1802 can 
be in film, disc or plate form, for example. 
(0193 FIGS. 19A and 19B schematically illustrate an elec 
tronic device that can be body heat powered and wearable by 
a user (e.g., as jewelry). The device comprises a control 
module 1902 having a sensor display, communications inter 
face and computer processor, which can be in electrical com 
munication with one another. The device 1901 further com 
prises a heat expeller 1903, thermoelectric device 1904 
having a thermoelectric material, a heat collector 1905, and a 
power module 1906 having power management electronics 
and an energy storage system. The energy storage system can 
be a battery, such as a rechargeable battery. The thermoelec 
tric device 1904 can be in electrical communication with the 
control module 1902. Power to the control module 1902 can 
be at least partially provided by the thermoelectric device 
1904 either directly to the control module 1902 or, in some 
cases, used to charge the energy storage system in the power 
module 1906. FIG. 19B shows the device 1901 disposed 
around a hand 1907 of a user. 

(0194 FIG. 20 shows eyewear 2001 that can be configured 
to operate on power at least partially generated from body 
heat. The eyewear 2001 comprises a control module 2002 that 
includes a sensor, communications interface and a computer 
processor, which can be in electrical communication with one 
another. The eyewear 2001 further comprises a heat expeller 
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2003, thermoelectric device 2004, a heat collector 2005, and 
a power module 2006 having power management electronics 
and an energy storage system. The thermoelectric device 
2004 can be in electrical communication with the control 
module 2002. Power to the control module 2002 can be at 
least partially provided by the thermoelectric device 2004 
either directly to the control module 2002 or, in some cases, 
used to charge the energy storage system in the power module 
2006, which can then provide power to the control module 
2002. 

(0195 The control module 2002 can be configured to 
present content to the user, Such as on at least one of the 
glasses 2007 of the eyewear 2001. The content can include 
electronic communications, such as text messages and elec 
tronic mail, geographic navigation information, network con 
tent (e.g., content from the World WideWeb), and documents 
(e.g., text document). 
0.196 FIGS. 21A and 21B show a medical device 2101 
that can be configured to operate on power at least partially 
generated from body heat. The medical device 2101 com 
prises a control module and power module, as described 
elsewhere herein. The medical device 2101 further comprises 
a heat expeller 2102 on one surface and a heat collector 2103 
on an opposing Surface, and a thermoelectric device 2104 
with thermoelectric material between the heat expeller and 
the heat collector. The thermoelectric device 2104 can be in 
electrical communication with the control module and the 
power module. FIG. 21B shows the medical device 2101 
disposed adjacent the body 2105 of a user. 
0.197 In some cases, during use of a device having a ther 
moelectric device, heat from an object (e.g., body of a user) 
generates a temperature gradient (high temperature to low 
temperature) from a heat collector to a heat expeller. The heat 
collector collects heat and the heat expeller expels heat. The 
temperature gradient can be used to generate power using a 
thermoelectric device between the heat collector and heat 
expeller. 
0198 Thermoelectric elements, devices and systems pro 
vided herein can be used in a vehicle waste heat recovery, 
Such as in an apparatus that uses thermoelectric materials to 
convert vehicular waste heat to electricity (or electric power). 
The apparatus can be integrated with components common to 
automotive vehicles, including, but not limited to, engine 
blocks, heat exchangers, radiators, catalytic converters, muf 
flers, exhaust pipes and various components in the cabin of 
the vehicle. Such as a heating and/or air conditioning unit, or 
components common to industrial facilities, including, but 
not limited to, turbine blocks, engine blocks, exchangers, 
radiators, reaction chambers, chimneys and exhaust. The 
apparatus may be used as the sole source of electrical power 
to the vehicle or an electrical component of the vehicle (e.g., 
radio, heating or air conditioning unit, or control system), 
generating at least about 1 W. 2 W, 3 W, 4 W. 5 W, 6W. 7 W. 
8 W, 9 W, 10 W, 20 W, 30 W, 40 W, 50 W, 60 W, 70 W, 80 W, 
90 W, 100W,200W,300 W, 400W,500W,600 W, 700 W, 800 
W, 900 W. 1000 W, or 5000 W of power, in some cases from 
about 100 W to 1000 W of power. Power from the apparatus 
can be augmented or Supported by another power source. For 
example, in the context of automotive vehicles, power can be 
augmented or Supported by power from a battery, alternator, 
regenerative braking, or a vehicular recharge station. As 
another example, in the context of industrial or commercial 
facilities, power can be augmented or Supported by power 
from one or more of batteries, generators, the power grid, 
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turbine blocks, engine blocks, heat exchangers, radiators, 
reaction chambers, chimneys and exhaust, and/or a renewable 
energy source, such as one or more of Solar power, wind 
power, wave power, and geothermal power. 
(0199 Flexible thermoelectric devices can be wrapped 
around pipes through which hot fluid can be flowed. The 
wrapped pipes may also be further integrated with heat sinks 
to increase thermal transfer. The hot fluid may be hot exhaust, 
hot water, hot oil, hot air etc. Over the wrapped pipes, a cool 
fluid can be flowed. The cool fluid may be cool exhaust, cool 
water, cool oil, cool air etc. The wrapped pipes may be 
enclosed within a housing through which the coolant is 
flowed if the coolant fluid is to be isolated from the ambient 
environment. They may be exposed to the environment if the 
coolant fluid is ambient air or water. 
0200. In an implementation, an apparatus for power gen 
eration from heat is a power generating pipe wrapping. Hot 
fluid (such as hot exhaust) is passed through a pipe wrapped 
with thermoelectric devices. The hot side of the thermoelec 
tric device may be physically or chemically bonded to the 
external surface of the tube to improve thermal transfer. The 
cold side of the thermoelectric device may be physically or 
chemically bonded with heat sinks to improve thermal trans 
fer. A cool fluid (e.g., air or water) can be forced over the 
wrapped pipes to extract heat from the hot fluid. The thermo 
electric devices interspersed in the path of heat flow can 
convertheat to electricity, providing an output power at least 
about 1 W, 2 W, 3 W, 4W, 5 W, 6W, 7 W, 8 W, 9W, 10 W, 20 
W, 30 W, 40 W,50 W, 60 W, 70 W, 80 W, 90 W, 100 W, 200 W, 
300 W, 400W, 500 W, 600 W, 700 W, 800W,900 W, 1000 W, 
or 5000 W, in some cases from about 100 W to 1000 W. If 
desired, a lower voltage can be converted to at least about 1 V. 
2, V, 2.1 V, 2.2V, 2.3 V, 2.35 V, 2.4 V, 2.45 V, 2.5V, 3 V, 3.1 V, 
3.2V, 3.3 V, 3.4 V, 3.5 V, 3.6 V, 3.7 V, 3.8 V, 3.9 V.4 V, 4.1V, 
4.2 V. 4.3 V, 4.4 V, 4.5V, or 5.0 V using a DC-DC converter 
and associated power management circuitry, and is used to 
power circuits directly or to trickle charge a power storage 
unit Such as a battery. 
0201 In another implementation, an apparatus for power 
generation from heat is a power generating exhaust pipe. Hot 
fluid (such as hot exhaust gas) can be passed through a pipe 
wrapped with thermoelectric devices. The hot side of the 
thermoelectric device may be physically or chemically 
bonded to the external surface of the tube to improve thermal 
transfer. The cold side of the thermoelectric device may be 
physically or chemically bonded with heat sinks to improve 
thermal transfer. To further increase the surface area of the 
pipe and improve thermal transfer, the pipe internal Surface 
may be molded with dimples, corrugations, pins, fins or ribs. 
The pipe may be made from a material that is readily weld 
able, extrudable, machinable or formable, such as, for 
example, Steel, aluminum etc. A cool fluid (e.g., air or water) 
can be forced over the wrapped pipes to extract heat from the 
hot fluid. The thermoelectric devices interspersed in the path 
of heat flow can convert heat to electricity, providing an 
output power at least about 1 W.2W, 3 W. 4 W. 5 W, 6W. 7 W. 
8 W, 9 W, 10 W, 20 W, 30 W, 40 W, 50 W, 60 W, 70 W, 80 W, 
90 W, 100 W,200W,300 W, 400W,500W,600 W, 700 W, 800 
W, 900 W, 1000 W, or 5000 W, in some cases from about 100 
W to 1000 W. If desired, a lower voltage can be converted to 
at least about 1 V. 2, V, 2.1 V, 2.2V, 2.3 V, 2.35 V, 2.4V, 2.45 
V, 2.5V, 3 V, 3.1 V, 3.2V, 3.3 V, 3.4 V, 3.5 V, 3.6 V, 3.7V, 3.8 
V, 3.9 V.4 V, 4.1V, 4.2V. 4.3 V, 4.4 V, 4.5V, or 5.0 V using a 
DC-DC converter and associated power management cir 
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cuitry, and is used to power circuits directly or to trickle 
charge a power storage unit Such as a battery. 
0202 In yet another implementation, an apparatus for 
power generation from heat is a discrete power generating 
unit to be installed on an exhaust pipe or on any hot surface. 
A hot surface can be placed in contact with the apparatus 
containing thermoelectric devices. A mating face can be pro 
vided, which can be attached in close physical contact to a hot 
Surface using any suitable technique (e.g., bolted, strapped, 
welded, brazed, or soldered). The hot side of the thermoelec 
tric device may be physically or chemically bonded to the 
opposite side of the mating face to improve thermal transfer. 
The cold side of the thermoelectric device may be physically 
or chemically bonded with heat sinks to improve thermal 
transfer. A cool fluid (such as air) can be forced over the unit 
to extract heat from the hot surface. The thermoelectric 
devices interspersed in the path of heat flow can convertheat 
to electricity, providing an output power at least about 1 W. 2 
W, 3 W, 4W, 5 W, 6W, 7 W, 8 W, 9 W, 10 W, 20 W, 30 W, 40 
W,50 W, 60 W, 70 W, 80 W, 90 W, 100 W, 200 W,300 W, 400 
W,500 W, 600 W, 700 W, 800 W, 900 W, 1000 W, or 5000 W, 
in some cases from about 100 W to 1000 W. If desired, a lower 
voltage can be converted to at least about 1 V. 2, V, 2.1 V. 2.2 
V, 2.3 V, 2.35 V, 2.4 V, 2.45 V, 2.5V,3V, 3.1V, 3.2V, 3.3 V, 3.4 
V, 3.5 V, 3.6 V, 3.7V, 3.8 V, 3.9 V, 4 V, 4.1V, 4.2V, 4.3 V, 4.4 
V. 4.5 V, or 5.0 V using a DC-DC converter and associated 
power management circuitry, and is used to power circuits 
directly or to trickle charge a power storage unit Such as a 
battery. 
0203 FIG. 22 schematically illustrates thermoelectric 
power recovery from vehicle exhaust. Apparatuses for heat 
recovery can be installed at various locations of an exhaust 
pipe 2201, such as clamped around a catalytic converter 2202, 
welded in an in-line fashion 2203, and/or wrapped around 
2204 at least a portion of the exhaust pipe 2201. 
0204. During use, exhaust gas is directed from a manifold 
2205 through the pipe 2201 to a muffler 2206. Waste heat in 
the exhaust gas can be used to generate power using one or 
more apparatuses for heat recovery, which can generate 
power from waste heat. 
0205. In another implementation, an apparatus for power 
generation from heat is a power generating radiator unit. Hot 
fluid (Such as hot water or steam, hot oil) can be passed 
through a series of pipes wrapped with thermoelectric 
devices. The hot side of the thermoelectric device may be 
physically or chemically bonded to the external surface of the 
tube to improve thermal transfer. The cold side of the ther 
moelectric device may be physically or chemically bonded 
with heat sinks to improve thermal transfer. A cool fluid (such 
as air) can be forced over the wrapped pipes to extract heat 
from the hot fluid. The thermoelectric devices interspersed in 
the path of heat flow can convertheat to electricity, providing 
an output power at least about 1 W. 2 W, 3 W, 4 W. 5 W, 6W, 
7W, 8 W, 9W, 10 W, 20 W, 30 W, 40 W,50 W, 60 W, 70 W, 80 
W, 90 W, 100 W, 200 W,300 W, 400W,500 W, 600 W, 700 W, 
800 W, 900 W, 1000 W, or 5000 W, in some cases from about 
100 W to 1000 W. If desired, a lower voltage can be converted 
to at least about 1 V. 2, V, 2.1 V, 2.2V, 2.3 V, 2.35V, 2.4V, 2.45 
V, 2.5V, 3 V, 3.1 V, 3.2V, 3.3 V, 3.4 V, 3.5 V, 3.6 V, 3.7V, 3.8 
V, 3.9 V.4 V, 4.1V, 4.2V, 4.3 V, 4.4 V, 4.5V, or 5.0 V using a 
DC-DC converter and associated power management cir 
cuitry, and is used to power circuits directly or to trickle 
charge a power storage unit Such as a battery. 
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0206 FIGS. 23A and 23B show an apparatus for heat 
recovery and power generation installed in a radiator 2301, 
which comprises a hot fluid inlet 2302 in fluid communica 
tion with a hot fluid outlet 2303, in addition to cooling fans 
2304. The radiator 2301 can be part of a vehicle. Hot pipes of 
the radiator are at least partially wrapped by a heat recovery 
apparatus 2305 comprising a flexible thermoelectric device 
with flexible heat sinks. The flexible thermoelectric device 
can include thermoelectric elements disclosed herein. 
0207. During use, a hot fluid is directed from the hot fluid 
inlet 2302 to the hot fluid outlet 2303. Waste heat in the fluid 
can be used to generate power using the apparatus 2305 for 
heat recovery, which can generate power from the waste heat. 
0208. In another implementation, an apparatus for power 
generation from heat is a power generating exchanger unit. 
Hot fluid (e.g., hot water or steam, or hot oil) can be passed 
through a series of pipes wrapped with thermoelectric 
devices. The hot side of the thermoelectric device may be 
physically or chemically bonded to the external surface of the 
tube to improve thermal transfer. The cold side of the ther 
moelectric device may be physically or chemically bonded 
with heat sinks to improve thermal transfer. A cool fluid (e.g., 
cool water or cool oil) can be pumped over the wrapped pipes 
to extract heat from the hot fluid. The thermoelectric devices 
interspersed in the path of heat flow can convert heat to 
electricity, providing an output power at least about 1 W. 2 W. 
3 W, 4 W. 5 W, 6W, 7 W, 8 W, 9 W, 10 W, 20 W, 30 W, 40 W, 
50 W, 60 W, 70 W, 80 W, 90 W, 100 W, 200 W,300 W, 400W, 
500 W, 600 W, 700 W, 800 W, 900 W, 1000 W, or 5000 W, in 
some cases from about 100 W to 1000 W. If desired, a lower 
voltage can be converted to at least about 1 V. 2, V, 2.1 V, 2.2 
V, 2.3 V, 2.35 V, 2.4 V, 2.45 V, 2.5V,3V, 3.1 V, 3.2V, 3.3 V, 3.4 
V, 3.5 V, 3.6 V, 3.7V, 3.8 V, 3.9 V, 4 V, 4.1V, 4.2V, 4.3 V, 4.4 
V. 4.5 V, or 5.0 V using a DC-DC converter and associated 
power management circuitry, and is used to power circuits 
directly or to trickle charge a power storage unit such as a 
battery. 
0209 FIGS. 24A and 24B show an apparatus for heat 
recovery and power generation installed in a heat exchanger 
2401, which comprises a hot fluid inlet 2402 in fluid commu 
nication with a hot fluid outlet 2403 and a cold fluid inlet 2404 
in fluid communication with a cold fluid outlet 2405. The heat 
exchanger 2401 further includes baffles 2406 to direct cold 
fluid flow, and hot pipes 2407 wrapped with a flexible ther 
moelectric device. 
0210. During use, a hot fluid (e.g., steam) is directed from 
the hot fluid inlet 2402 to the hot fluid outlet 2403 and a cold 
fluid (e.g., liquid water) is directed from the cold fluid inlet 
2404 to the cold fluid outlet 2405. The hot fluid flow through 
the hot pipes 2407 and dissipates heat to the cold fluid being 
directed from the fold fluid inlet 2404 to the cold fluid outlet 
2405. Waste heat in the fluid can be used to generate power 
using the flexible thermoelectric device wrapped around the 
hot pipes 2407. 

Computer Control Systems 
0211. The present disclosure provides computer control 
systems that are programmed or otherwise configured to 
implement various methods of the disclosure, Such as manu 
facturing a thermoelectric element. FIG.25 shows a computer 
system (also “system' herein) 2501 programmed or other 
wise configured to facilitate the formation of thermoelectric 
devices of the disclosure. The system 2501 can be pro 
grammed or otherwise configured to implement methods 
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described herein. The system 2501 includes a central process 
ing unit (CPU, also “processor and “computer processor 
herein) 2505, which can be a single core or multi core pro 
cessor, or a plurality of processors for parallel processing. The 
system 2501 also includes memory 2510 (e.g., random-ac 
cess memory, read-only memory, flash memory), electronic 
storage unit 2515 (e.g., hard disk), communications interface 
2520 (e.g., network adapter) for communicating with one or 
more other systems, and peripheral devices 2525, such as 
cache, other memory, data storage and/or electronic display 
adapters. The memory 2510, storage unit 2515, interface 
2520 and peripheral devices 2525 are in communication with 
the CPU 2505 through a communications bus (solid lines), 
such as a motherboard. The storage unit 2515 can be a data 
storage unit (or data repository) for storing data. The system 
2501 is operatively coupled to a computer network (“net 
work) 2530 with the aid of the communications interface 
2520. The network 2530 can be the Internet, an internet 
and/or extranet, or an intranet and/or extranet that is in com 
munication with the Internet. The network 2530 in some 
cases is a telecommunication and/or data network. The net 
work 2530 can include one or more computer servers, which 
can enable distributed computing, Such as cloud computing. 
The network 2530 in some cases, with the aid of the system 
2501, can implement a peer-to-peer network, which may 
enable devices coupled to the system 2501 to behave as a 
client or a server. 
0212. The system 2501 is in communication with a pro 
cessing system 2535 for forming thermoelectric elements and 
devices of the disclosure. The processing system 2535 can be 
configured to implement various operations to form thermo 
electric devices provided herein, such as forming thermoelec 
tric elements and forming thermoelectric devices (e.g., ther 
moelectric tape) from the thermoelectric elements. The 
processing system 2535 can be in communication with the 
system 2501 through the network 2530, or by direct (e.g., 
wired, wireless) connection. In an example, the processing 
system 2535 is an electrochemical etching system. In another 
example, the processing system 2535 is a dry box. 
0213. The processing system 2535 can include a reaction 
space for formingathermoelectric element from the Substrate 
2540. The reaction space can be filled with an electrolyte and 
include electrodes for etching (e.g., cathodic or anodic etch 
ing). 
0214 Methods as described herein can be implemented by 
way of machine (or computer processor) executable code (or 
Software) stored on an electronic storage location of the sys 
tem 2501, such as, for example, on the memory 2510 or 
electronic storage unit 2515. During use, the code can be 
executed by the processor 2505. In some examples, the code 
can be retrieved from the storage unit 2515 and stored on the 
memory 2510 for ready access by the processor 2505. In 
some situations, the electronic storage unit 2515 can be pre 
cluded, and machine-executable instructions are stored on 
memory 2510. 
0215. The code can be pre-compiled and configured for 
use with a machine have a processer adapted to execute the 
code, or can be compiled during runtime. The code can be 
Supplied in a programming language that can be selected to 
enable the code to execute in a pre-compiled or as-compiled 
fashion. 
0216 Aspects of the systems and methods provided 
herein, such as the system 2501, can be embodied in program 
ming. Various aspects of the technology may be thought of as 
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“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 telecom 
munication 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 electro 
magnetic 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. 
0217. Hence, a machine readable medium, such as com 
puter-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 Stor 
age 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 abus within a computer system. Carrier-wave trans 
mission media may take the form of electric or electromag 
netic signals, or acoustic or light waves Such as those gener 
ated 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 car 
tridge, a carrier wave transporting data or instructions, cables 
or links transporting Sucha 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. 
0218 Methods described herein can be automated with 
the aid of computer systems having storage locations with 
machine-executable code implementing the methods pro 
vided herein, and a processor for executing the machine 
executable code. 
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Example 1 

0219. A thermoelectric element is formed by providing a 
semiconductor Substrate in a reaction chamber having an 
etching solution comprising hydrofluoric acid at a concentra 
tion from about 10% to 50% (by weight) HF. The semicon 
ductor Substrate has a dopant concentration Such that the 
semiconductor substrate has a resistivity from about 0.001 
ohm-cm to 0.1 ohm-cm. The etching solution is at a tempera 
ture of about 25°C. A working electrode is brought in contact 
with a backside of the substrate and a counter electrode is 
Submerged in the etching solution facing a front side of the 
substrate. The counter electrode is not in contact with the 
Substrate. Next, a power source is used to force a current 
density from about 10 mA/cm to 20 mA/cm, which yields 
an electrical potential of about 1 V between the working 
electrode and the counter electrode. The applied electrical 
potential and flow of electrical current is maintained for a 
time period of about 1 hour. This forms a disordered pattern of 
holes in the substrate. 

Example 2 

0220 Athermoelectric element is formed according to the 
method described in Example 1. FIGS. 26A and 26B show an 
SEM micrograph and XRD spectrum, respectively, of the 
thermoelectric element. The SEM micrograph is obtained 
under the following conditions: 5 kilovolts (kV) and a work 
ing distance of 5 millimeters. The SEM micrograph shows a 
disordered pattern of holes in silicon. The XRD spectrum 
shows two peaks. The taller peak (left) is of porous silicon and 
the smaller peak (right) is of bulk silicon. 
0221 Devices, systems and methods provided herein may 
be combined with or modified by other devices, systems and 
methods, such as devices, systems and/or methods described 
in U.S. Pat. No. 7.309,830 to Zhang et al., U.S. Patent Publi 
cation No. 2006/0032526 to Fukutani et al. U.S. Patent Pub 
lication No. 2009/0020148 to Boukai et al., U.S. patent appli 
cation Ser. No. 13/550,424 to Boukai et al., PCT/US2012/ 
047021, filed Jul. 17, 2012, PCT/US2013/021900, filed Jan. 
17, 2013, PCT/US2013/055462, filed Aug. 25, 2013, and 
PCT/US2013/067346, filed Oct. 29, 2013, each of which is 
entirely incorporated herein by reference. 
0222. While preferred embodiments of the present inven 
tion 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. It is not intended that the invention 
be limited by the specific examples provided within the speci 
fication. While the invention has been described with refer 
ence to the aforementioned specification, the descriptions and 
illustrations of the embodiments herein are not meant to be 
construed in a limiting sense. Numerous variations, changes, 
and substitutions will now occur to those skilled in the art 
without departing from the invention. 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. It should be understood that various alterna 
tives to the embodiments of the invention described herein 
may be employed in practicing the invention. It is therefore 
contemplated that the invention shall also cover any Such 
alternatives, modifications, variations or equivalents. It is 
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intended that the following claims define the scope of the 
invention and that methods and structures within the scope of 
these claims and their equivalents be covered thereby. 

1.-30. (canceled) 
31. A wearable power management system, comprising: 
an electronic device; and 
a thermoelectric device integrated with said electronic 

device, wherein said thermoelectric device comprises (i) 
a thermoelectric unit having a heat transfer Surface that 
rests adjacent to a body Surface of a user, and (ii) a band 
coupled to said thermoelectric unit, wherein said band 
secures said thermoelectric device to said body surface 
of said user, wherein said band comprises a heat expel 
ling unit comprising at least one heat pipe that is in 
thermal communication with said thermoelectric unit, 

wherein said thermoelectric unit comprise athermoelectric 
element that generates power for said electronic device 
upon flow of thermal energy from said heat transfer 
Surface to said separate heat expelling unit, which ther 
moelectric element comprises a thermoelectric material 
that has a figure of merit (ZT) that is at least about 0.25 
at 25° C. 

32. The wearable power management system of claim 31, 
wherein said thermoelectric element is flexible. 

33. The wearable power management system of claim 32, 
wherein said thermoelectric element bends at an angle of at 
least about 10° relative to a measurement plane. 

34. The wearable power management system of claim 31, 
wherein said thermoelectric material is silicon. 

35. The wearable power management system of claim 31, 
wherein said thermoelectric element comprises holes. 

36. The wearable power management system of claim 35, 
wherein said thermoelectric element comprises a disordered 
pattern of holes. 

37. The wearable power management system of claim 31, 
wherein said electronic device is a watch. 

38. The wearable power management system of claim 31, 
wherein said electronic device comprises a computer proces 
SO. 

39. The wearable power management system of claim 31, 
further comprising an energy storage device operatively 
coupled to said thermoelectric unit. 
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40. The wearable power management system of claim 31, 
wherein said ZT is at least about 0.50 at 25° C. 

41. A wearable power management system, comprising: 
an electronic device; and 
a thermoelectric device comprising (i) a thermoelectric 

unit having aheat transfer Surface that rests adjacent to a 
body surface of a user, (ii) a band coupled to said ther 
moelectric unit, wherein said band secures said thermo 
electric device to said body surface of said user, and (iii) 
a separate heat expelling unit in thermal communication 
with said thermoelectric unit, 

wherein said thermoelectric unit comprise athermoelectric 
element that generates power for said electronic device 
upon flow of thermal energy from said heat transfer 
Surface to said separate heat expelling unit, which ther 
moelectric element comprises a thermoelectric material 
that has a figure of merit (ZT) that is at least about 0.25 
at 25° C. 

42. The wearable power management system of claim 41, 
wherein said separate heat expelling unit comprises at least 
one heat pipe that is in thermal communication with said 
thermoelectric unit. 

43. The wearable power management system of claim 41, 
wherein said thermoelectric element is flexible. 

44. The wearable power management system of claim 43, 
wherein said thermoelectric element bends at an angle of at 
least about 10° relative to a measurement plane. 

45. The wearable power management system of claim 41, 
wherein said thermoelectric material is silicon. 

46. The wearable power management system of claim 41, 
wherein said thermoelectric element comprises holes. 

47. The wearable power management system of claim 46, 
wherein said thermoelectric element comprises a disordered 
pattern of holes. 

48. The wearable power management system of claim 41, 
wherein said electronic device is a watch. 

49. The wearable power management system of claim 41, 
wherein said electronic device comprises a computer proces 
SO. 

50. The wearable power management system of claim 41, 
wherein said system comprises an energy device operatively 
coupled to said thermoelectric unit. 
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