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HEAT ENGINE AND METHOD FOR HARVESTING THERMAL ENERGY

Cross-Reference to Related Applications

[0001] The present application claims the benefit of the earlier filing date of U.S.
Provisional Patent Application Numbers 61/757,860, filed January 29, 2013, now pending, and
61/884,299, filed September 30, 2013, now pending, the disclosures of both applications are

incorporated herein by this reference.
Statement Regarding Federally Sponsored Research

[0002] This disclosure was made with government support under contract no. DMR-
0844899 awarded by the National Science Foundation. The government has certain rights in the

disclosure.
Field of the Disclosure

[0003] The disclosure relates to heat engines, and more particularly to converting heat

energy into electric power.
Background of the Disclosure

[0004] Energy harvesting is the process by which energy is taken from the environment
and transformed to provide power for electronics. A wide variety of energy harvesters have been
proposed that convert ambient energy to electrical or mechanical power, for example, from
vibrations, electromagnetic radiation or by relying on thermoelectric effects. The latter systems
turn out to be particularly useful to convert heat on a computer chip back into electrical power,
thereby reducing both the power consumption of the chip as well as the need to actively cool it.
Unfortunately, present thermoelectric engines have low efficiency. Therefore, an important task
in condensed matter physics is to find new ways to harvest ambient thermal energy, particularly
at the smallest length scales where electronics operate. Utilizing the physics of mesoscopic
electron transport for converting heat to electrical power is a relatively recent endeavor. While
the general relationships between electrical and heat currents and their responses to applied
voltages and temperature differences are known, the investigation of thermoelectric properties,
and in particular the design of nano-engines, has only recently been undertaken. The

thermoelectric properties of a mesoscopic one-dimensional wire have been investigated and the
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best energy filters have been shown to be the best thermoelectrics. The Seebeck effect was
investigated for a single quantum dot with a resonant level, and resonant levels were also used as
energy filters to make a related heat engine from an adiabatically rocked ratchet. A generalized
model has been shown for a static, periodic ratchet, which is a quantum version of the model

with state dependent diffusion.

[0005] Coulomb-blockaded dots can be ideally efficient converters of heat to work, both
in the two-terminal and three-terminal case; however, since transport occurs through multiple
tunneling processes, the net current and power is very small. In light of the small currents and
power produced by Coulomb-blockaded quantum dots, open cavities with large transmission that
weakly changes with incident electron energy have been considered. But, while such an open-
cavity system produces more rectified current than Coulomb-blockaded quantum dots, simply
increasing the number of quantum channels does not help because the energy dependence of
transmissions in typical mesoscopic conductors is a single-channel effect even for a many-

channel conductor.

[0006] Accordingly, there is a need for nano-scale devices for harvesting energy having

higher current and power capabilities.
Brief Summary of the Disclosure

[0007] In the present disclosure, an energy harvester based on quantum confinement
structures, such as resonant quantum wells and/or quantum dots, are described and the operation
is described. Also disclosed are methods of harvesting energy utilizing the described energy

harvester and methods of manufacturing energy harvesters.
Description of the Drawings

[0008] For a fuller understanding of the nature and objects of the disclosure, reference
should be made to the following detailed description taken in conjunction with the

accompanying drawings, in which:

Figure 1 is a side cross-section view of a heat engine according to an embodiment of the
present disclosure;
Figure 2A is schematic of an exemplary quantum-dot heat engine in a rectification

configuration, according to another embodiment of the present disclosure;
2
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Figure 2B is a schematic of the quantum dot heat engine of Fig. 2A in a Carnot efficient
stopping configuration;

Figure 3A is a graph of the scaled maximum power of a quantum-dot heat engine
according to another embodiment of the present disclosure, the maximum power
depicted as a function of AE /kgT for AT = T and vy and ux optimized to give
maximum power;

Figure 3B is a graph of the scaled maximum power as a function of AT /T for optimized
values of Eg, v and uz of the heat engine of Figure 3A;

Figure 3C is a graph of the efficiency at maximum power for the values of E, vy and uz
chosen to maximize power in the heat engine of Figures 3A-3B;

Figure 3D is a graph of the optimized values plotted versus AT /T of the heat engine of
Figures 3A-3C, where, Ep = AE/2,ug = u/2;

Figure 4 is a graph depicting a scaled heat current J /(2(kgT)?/h) leaving (blue) or
entering (red) the cavity of a quantum-dot heat engine versus temperature
difference (x-axis) and applied bias (y-axis) divided by average temperature (the
plot is for system parameters optimized for maximal power output, AE ~ 6kgT
and y = kgT; the dashed curve is the J =0 curve for y — 0 while the solid curve
is the J= 0 line for the optimized v); wherein the system can work as a heat
engine (HE) in the blue region for AT > 0, up = /2 > 0 (configuration shown
in the inset labeled HE), or as a refrigerator (R) in the blue region for AT <
0, ug = u/2 < 0 (configuration shown in the inset labeled R);

Figure 5 depicts a self-assembled dot engine according to another embodiment of the
present disclosure;

Figure 6 is a schematic of an operation configuration of a system according to another
embodiment of the present disclosure;

Figure 7A is a graph showing the power per quantum-dot nano-engine plotted against the
width of Gaussian random distribution of energy levels (different level widths of
the dots, where v, = 1.02kgT); wherein the power is normalized to the
maximum power a single nano-engine can give (for optimized parameters), while
the distribution width is plotted in units of AF, the average spacing between left
and right dot energy levels;

Figure 7B is a graph showing the power per quantum-dot nano-engine plotted against the

width of Gaussian random distribution of energy levels (different applied
3
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voltages, where pig ope = 0.7kgT); wherein the power is normalized to the
maximum power a single nano-engine can give (for optimized parameters), while
the distribution width is plotted in units of AF, the average spacing between left
and right dot energy levels;

5 Figure 8 is a graph showing the power per quantum-dot nano-engine plotted against the
right chemical potential and the average energy difference, 4E, in units of the
optimal power, Pmax; wherein the level width is taken to be a sub-optimal value,
y = 0.8kgT and the width of Gaussian random distribution is fixed at o =
0.2kgT (the subscript ‘opt’ refers to the parameter that is optimized for maximal

10 power in the clean case);

Figure 9 is a side cross-sectional view of a heat engine according to another embodiment

of the present disclosure;

Figure 10A is a side cross-sectional view of a quantum-dot heat engine according to

another embodiment of the present disclosure;
15 Figure 10B is a side cross-sectional view of a quantum-dot heat engine according to
another embodiment of the present disclosure;

Figure 11 is a schematic of a quantum-well based energy harvester according to an
embodiment of the present disclosure, wherein a central cavity (red), kept at
temperature T}, by a hot thermal reservoir (not shown), is connected via quantum

20 wells to two electron reservoirs at temperature T, (blue) (chemical potentials are

measured relative to the equilibrium chemical potential);

. . . . . AT (kgAT
Figure 12A is a plot of maximum power in units of 7 ( £

2
o ) within linear response

as a function of the level positions inside the two quantum wells for a symmetric
setup (i.e., a = 0);

25 Figure 12B is a plot of efficiency at maximum power in units of the Carnot efficiency 7¢
within linear response as a function of the two level positions for a symmetric
configuration;

Vzc/qr

2
kgAT\2 . . .
—~ (BT) within linear response

Figure 12C is a plot of maximum power in units of

as a function of the level positions inside the two quantum wells having an

30 asymmetric configuration where a = 0.5;
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Figure 12D is a plot of efficiency at maximum power in units of the Carnot efficiency ¢
within linear response as a function of the two level positions for an asymmetric
configuration where a =0.5;

Figure 13A is a plot, for a quantum-well heat engine, of maximum powerin units of

2
vy AT (kgAT e . .
ZZ_h (BT) within linear response as a function of one level position and the

asymmetry of couplings and wherein Er = —10kgT;

Figure 13B is a plot, for a quantum-well heat engine, of efficiency at maximum power in
units of the Carnot efficiency 7 within linear response as a function of one level
position and the asymmetry of couplings and wherein Eg = —10kgT;

Figure 14A is a plot, for a quantum-well heat engine, of maximal output power (red) and
efficiency at maximum power (blue) as a function of temperature difference AT /T

Figure 14B is a plot, for a quantum-well heat engine, of level position, bias voltage and
asymmetry of couplings that maximize the output power as a function of AT /T;

Figure 15 is a flowchart of a method according to an embodiment of the present
disclosure;

Figure 16 is a side view heat engine according to another embodiment of the present
disclosure; and

Figure 17 is a flowchart of a method according to another embodiment of the present

disclosure.
Detailed Description of the Disclosure

[0009] While embodiments of the present disclosure are discussed here with reference to
the figures, further details regarding the operation of the device are provided below under the
heading “Discussion.” The present disclosure may be embodied as a device 10 for harvesting
heat energy (see, e.g., Fig. 1). The device 10 comprises a first electron reservoir 12. The first
electron reservoir 12 has a chemical potential (y;) and a temperature (Tgesq ). The device 10
comprises a second electron reservoir 14 having a chemical potential (ug) and a temperature
(Tres2)- The first and second electron reservoirs 12, 14 are spaced apart from one another. The
first electronic reservoir temperature Tregq May be substantially equal to second electron
reservoir temperature Tres, (denoted by Tg,). In an embodiment, substantially equal
temperatures are within 1%, 5%, or 10% of each other. In an exemplary embodiment, the first

and second electron reservoirs 12, 14 are electrical leads.

5
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[0010] A cavity 16 is generally disposed proximate to the first and second electron
reservoirs 12, 14. The cavity 16 may be located between the first and second electron
reservoirs 12, 14. The central material 16 has a chemical potential (t.4,,) and a temperature

(Tcay) Which is greater than the reservoir temperatures (Treg).

[0011] A first quantum confinement structure 18 is located such that the first quantum
confinement structure 18 forms an electrical connection from the first electron reservoir 12 to the
cavity 16. The first quantum confinement structure 18 has an operative energy (F;). A second
quantum confinement structure 20 is located such that the second quantum confinement structure
20 forms an electrical connection from the cavity 16 to the second electron reservoir 14. The
second quantum confinement structure 20 has an operative energy (Eg) which is greater than E;

(the operative energy of the first quantum confinement structure 18).

[0012] The difference (AE) between the second operative energy (Er) and the first
operative energy (F;) may be related to an average temperature (T = (Tggy + Tres)/2) (or
(T = (Teay + Tres1 + Tresz)/3)) of the device 10 such that: AE = 6kgT, where kj is the
Boltzmann constant. In some embodiments, the operative energies (E;, Eg) of the first and/or
second quantum confinement structures 18, 20 are configurable by providing a corresponding
first and/or second gate voltage. In such embodiments, the device 10 comprises one or more
gates 19 for applying a gate voltage to corresponding quantum confinement structures. The
gate(s) 19 may be arranged in any way known in the art. In some embodiments, the gate 19 is

separated from other components of the device 10 by a dielectric 17.

[0013] In some embodiments, the device 10 is configured such that a bias voltage is
applied between the first electron reservoir 12 and the second electron reservoir 14. For example,

the bias voltage ¥ may be such that eV = p; — up.

[0014] Devices according to embodiments of the present disclosure may be of various
arrangements. For example, Fig. 16 depicts another of the possible arrangements for a device 22
wherein the cavity 16 is disposed at a side of the device 22 and the first and second electron
reservoirs 12, 14 are disposed at an opposite side of the device 22 from the cavity 16. As
described above, the first quantum confinement structure 18 is disposed between the first

electron reservoir 12, and the second quantum confinement structure 20 is disposed between the
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second electron reservoir 14. In some embodiments, an insulator 24 may be disposed between

the electron reservoir/confinement structure combinations.

[0015] In some embodiments, the structure can be continued in series. As such, rather
than a “cold-hot-cold” structure (in keeping with that depicted in device 10), a device could have
a “cold-hot-cold-hot...-cold” structure, with quantum confinement structures 1,...,n between the
hot and cold layers, the quantum confinement structures having energies positions £4,...,E,. An
example of this is provided as device 50 which may further comprise a second cavity 62 in
spaced apart relation to the first and second electron reservoirs 52, 54 and the cavity 56 (see, e.g.,
Fig. 9). In such embodiments, a third quantum confinement structure 64, having an operative
energy (E;,), electrically connects the second electron reservoir 54 to the second cavity 62. The
third quantum confinement structure 64 may be configured the same or different from the first

quantum confinement structure 58. As such, the operative energy E;; may be equal to E;.

[0016] The device 50 further comprises a third electron reservoir 66 having a chemical
potential (3) and a temperature (Tg.43), the third electron reservoir 66 being in spaced apart
relation from the first and second electron reservoirs 52, 54. A fourth quantum confinement
structure 68, having an operative energy (Eg1), electrically connects the third electron
reservoir 66 to the second cavity 62. The fourth quantum confinement structure 68 may be
configured the same or different from the second quantum confinement structure 5§9. As such,
the operative energy Er, may be equal to E,. The second cavity 62 has a chemical potential
(Mcavz) and a temperature (T4, ) Which is greater than temperatures (Tgesz res3) 0f the second
and third electron reservoirs 54, 66. In some embodiments, the chemical potential (s4,,) of the
second cavity 62 may be the same as the chemical potential (fcq,) of the cavity 56. The
relationship of the second cavity chemical potential and the operative energies of the third and

fourth quantum confinement structures may be such that: pcq,, = (Epq1 + Er1)/2.

[0017] In some embodiments, the device 70 utilizes quantum confinement

structures 78, 80, which are quantum dots (see, e.g., Fig. 10A). In such embodiments, it is useful
to refer to the operative energies of the quantum dots as resonant levels (further discussed
below). In this way, a first quantum dot 78 is located such that the first quantum dot 78 forms an
electrical connection from the first electron reservoir 72 to the cavity 76. The first quantum dot
78 has a resonant level (Ep). A second quantum dot 80 is located such that the second quantum
dot 80 forms an electrical connection from the cavity 76 to the second electron reservoir 74. The

7
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second quantum dot 80 has a resonant level (Eg) which is different than E}, (the resonant level of
the first quantum dot 78). For example, when Er > E, the device 70 may operate to generate

current flow into the second electron reservoir 74.

[0018] The device 70 may comprise more than one first quantum dot 78, each connecting
the first electron reservoir 72 to the cavity 76. The device 70 may comprise more than one
second quantum dot 80, each connecting the cavity 76 to the second electron reservoir 72. In
embodiments where the device 70 comprises more than one first and/or second quantum

dots 78, 80, the resonant levels of each of the quantum dots may be within the range of, for

example, approximately +10% of the respective resonant level (E; or E).

[0019] The first and second quantum dots 18, 20 may be disposed in insulators 26. The
first and second quantum dots 18, 20 have a resonant width (y). In some embodiments, the
resonant width (y) is approximately equal to kzT. In some embodiments, the approximately
equal values may be within 1%, 5%, or 10% of each other. These exemplary relationships are

further described below.

[0020] In some embodiments, the chemical potential (1.4,) of the cavity 76 is related to

the resonant levels (E;, Eg) of the first and second quantum dots 78, 80, such that p.,, = (E; +

Er)/2. In some embodiments, the chemical potentials of the first and second electron

reservoirs 72, 74 may be such that yu;, = —p/2 + (Ep, + ER)/2 and/or ug = /2 + (Ep, + ER)/2.
For example, pu; = —(p, + pg)/2 + (EL + Er)/2 and/or pg = (p + pg)/2 + (EyL + Er)/2.

[0021] In some embodiments, the device 10 utilizes quantum confinement

structures 18, 20, which are quantum wells (see, e.g., Fig. 1). In such embodiments, it is useful to
refer to the operative energies of the quantum wells as threshold energies (further discussed
below). In this way, a first quantum well 18 is located such that the first quantum well 18 forms
an electrical connection from the first electron reservoir 12 to the cavity 16. The first quantum
well 18 has a threshold energy (EL). A second quantum well 20 is located such that the second
quantum well 20 forms an electrical connection from the cavity 16 to the second electron
reservoir 14. The second quantum well 20 has a threshold energy (Eg) which is different than Ej,
(the threshold energy of the first quantum well 18). For example, when Ex > E}, the device 10

may operate to generate current flow into the second electron reservoir 14.
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[0022] It should be noted that embodiments of the presently disclosed device may be
configured such that the first quantum confinement structure comprises one or more quantum
dots, while the second quantum confinement structure is a quantum well. Similarly, the device
may be configured such that the first quantum confinement structure is a quantum well, while the

second quantum confinement structure comprises one or more quantum dots.

[0023] The present disclosure may be embodied as a two-terminal device. For example, a

two-terminal energy-harvesting device may comprise:
an electron reservoir having a chemical potential (tges) and a temperature (Tges);

a cavity having a chemical potential (i, ) and a temperature (Tc,,) Which is greater than

temperature (Tres) of the first electron reservoir;

a quantum confinement structure having an operative energy (E), the quantum confinement

structure electrically connecting the electron reservoir to the cavity; and
wherein a bias voltage V is applied between the electron reservoir and the cavity.

[0024] As disclosed above, the quantum confinement structure of such two-terminal

device may be a quantum well or one or more quantum dots.

[0025] The present disclosure may be embodied as a method 100 of harvesting energy
from a substrate having an elevated temperature (see, e.g., Fig. 15). The method 100 comprises
the step of providing 103 a heat engine. The provided 103 heat engine may be configured similar
to any of the device embodiments described herein. A load is electrically connected 106 between
the first and second reservoirs of the provided 103 heat engine. A bias voltage J may be

applied 109 across the first and second reservoirs. The applied 109 bias voltage may be, for
example, configured such that eV = y; — ug (as further described below). In other
embodiments, the applied 109 bias voltage is configured such that V = Vo, /2, where Vo 18
the voltage at which a heat-driven current flowing in a first direction is exactly compensated by a
bias-driven current flowing in a second direction opposite to the first direction. The method 100
may further comprise the step of applying 112 a gate voltage to a gate of the provided 103 heat

engine.
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[0026] The present disclosure may be embodied as a method 150 of manufacturing a heat
engine such as any of the devices discloses herein (see, e.g., Fig. 17). The heat engine may be
manufactured for use with a particular device which has a design temperature. In the

method 150, a first electrode layer is provided 153. The first electrode layer is of any material

suitable to function as a first electron reservoir (e.g., an electrical lead).

[0027] A first quantum confinement layer is deposited 156 on the first electrode layer.
The deposited 156 first quantum confinement layer is configured such that at least a portion of
the layer is in electrical communication with the first electrode layer. The first quantum
confinement layer is configured to have an operative energy (Ej ). The first quantum

confinement layer may be, for example, a quantum well layer having a threshold energy (E}).

[0028] In other embodiments, the first quantum confinement layer is a layer of one or
more quantum dots. As such, the step of depositing 156 the first quantum confinement layer may
further comprise the sub-step of fabricating 157 a first quantum dot layer on the first electrode
layer. The first quantum dot layer comprises a plurality of quantum dots disposed in an
insulating material such that the plurality of quantum dots are not in electrical contact with each
other. Each quantum dot is in electrical communication with the first electrode layer. Each
quantum dot has a resonant level which is substantially equal to a first resonant level (Ep). In
some embodiments, the resonant level of each quantum dot of the first quantum dot layer may
deviate from the first resonant level E; by a range which may be, for example, approximately

+10% of Ej.

[0029] A central layer is deposited 159 onto the first quantum confinement layer such
that the central layer is in electrical communication with the quantum confinement layer. In
embodiments where the first quantum confinement layer comprises a plurality of quantum dots,
the central layer is in electrical communication with each quantum dot of the first quantum dot
layer. The central layer is deposited 159 such that the central layer is not in electrical
communication with the provided 153 first electrode layer except by way of the first quantum

confinement layer.

[0030] A second quantum confinement layer is deposited 162 on the central layer. The
deposited 162 second quantum confinement layer is configured such that at least a portion of the

layer is in electrical communication with the central layer. The second quantum confinement

10
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layer is configured to have an operative energy (Er). The second quantum confinement layer

may be, for example, a quantum well layer having a threshold energy (ER).

[0031] In other embodiments, the second quantum confinement layer is a layer of one or
more quantum dots. As such, the step of depositing 162 the second quantum confinement layer
may further comprise the sub-step of fabricating 163 a second quantum dot layer on the central
layer. The second quantum dot layer comprises a plurality of quantum dots disposed in an
insulating material such that the plurality of quantum dots are not in electrical contact with each
other. Each quantum dot is in electrical communication with the central layer. Each quantum dot
has a resonant level which is substantially equal to a second resonant level (ER). In some
embodiments, the resonant level of each quantum dot of the second quantum dot layer may
deviate from the second resonant level E by a range which may be, for example, approximately

+10% of Ep.

[0032] In some embodiments, the central layer is made from a material selected to have a

chemical potential (pcq,) such that pe,,, = (EL + Eg)/2.

[0033] The method 150 further comprises the step of depositing 165 a second electrode
layer onto the second quantum confinement layer such that the second electrode layer is in
electrical communication with at least a portion of the quantum confinement layer. In
embodiments where the second quantum confinement layer comprises a plurality of quantum
dots, the second electrode layer is in electrical communication with each quantum dot of the
second quantum dot layer. The second electrode layer is deposited 165 such that it is not in
electrical communication with the central layer except by way of the second quantum

confinement layer.
[0034] DISCUSSION

[0035] The following sections are intended to be non-limiting. The assumptions made are
for convenience only to show the functionality through mathematics, and are not intended to

limit the disclosure.
[0036] Discussion of quantum dot exemplary embodiments

[0037] A nano-heat engine utilizes the physics of resonant tunneling in quantum dots in

order to transfer electrons only at specific energies. By putting two quantum dots in series with a
11
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hot cavity, electrons that enter one lead must gain a prescribed energy in order to exit the
opposite lead, transporting a single electron charge. This condition yields an efficient heat
engine. Despite the simplicity of the physical model, the optimized rectified current and power is
larger than other nano-engines. The ability to scale the power by putting many such engines into
a two-dimensional layered structure gives a paradigmatic system for harvesting thermal energy

at the nanoscale.

[0038] Resonant tunneling is a quantum mechanical effect, where constructive
interference permits an electron tunneling through two barriers to have unit transmission. This is
only true if the electron has a particular energy equal to the bound state in the quantum dot, or
within a range of surrounding energies, whose width is the inverse lifetime of the resonant state.
In this way, a resonant tunneling barrier acts like an energy filter. For convenience, the resonant
tunnel barrier (or the dot) is assumed to be symmetrically coupled; however, the present

disclosure is not intended to be limited to this embodiment.

[0039] An exemplary embodiment, depicted in Figures 2A-2B, a nano-heat engine is
created from a hot cavity connected to cold reservoirs via resonant tunneling quantum dots, each
with a resonant level of width y, and energy E; z. Solely for convenience, the widths are assumed
to be equal, while the energy levels are different (these can be controlled by gate voltages). The
nano-cavity to which the dots are connected can be in equilibrium with a heat reservoir of
temperature 7¢,, that is hotter than the first and second electron reservoirs, having chemical
potentials 7,z and equal temperatures, 7z.. We assume strong electron-electron and electron-
phonon interactions relax the electron energies as they enter and leave the cavity, so the cavity’s
occupation function may be described with a Fermi function, f(E — tegp Teaw) = 1/(1 +
exp[(E — peav) /ksTcar]) completely characterized by a cavity chemical potential uc,, and
temperature 7¢,,, With kp being the Boltzmann constant. This process of inelastic energy mixing
is assumed to occur on a faster time scale than the dwell time of an electron in the cavity.
Thermal energy flows from the coupled hot bath into the cavity as a heat current, and keeps the
temperature different from that of the electron reservoirs. The nature of the heat reservoir is not
specified in this example, but refers quite generically to any heat source from which energy is to

be harvested.

[0040] Thermal broadening of the Fermi functions in the three regions (source, cavity,

and drain) is shown by the light shading. Figure 2A depicts the heat engine in a rectification
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configuration. In the absence of bias, electrons enter the cavity via the left lead, absorb energy
Er-E;, from the cavity, and exit through the right lead, transferring an electrical charge e through
the system. Figure 2B depicts the heat engine in a Carnot efficient stopping configuration

(further described below).

[0041] The chemical potential of the cavity and its temperature are constrained by
conservation of global charge and energy. These constraints are given by the simple equations,
I, + I =0,and J, + Jz +] = 0 in the steady state, where I,z is electrical current in the first
(e.g., left, as depicted) or second (e.g., right, as depicted) contact, and J;, x the energy current.
Energy current is seemingly not conserved because of the heat current J flowing from the hot

reservoir.

[0042] The currents I;, /; = L, R, are given by the well known formula [; = (2e/
h) [ dETj(E)[fj — fCa,,] and J; = 2/h) [ dETj(E)E[fj — fca,,], where T;(E) is the transmission
function of each contact for each incident electron energy E and # is Planck’s constant. In the

exemplary quantum dot geometry, the resonant levels give rise to a transmission function of
Lorentzian shape, T;(E) = y?/ [(E — EJ)2 + yz] where v is the width of the level, or inverse

lifetime of an electron in the dot. In the limit where the width of the level is smaller than the
thermal energy in cavity/dot system, y < kgTcqy, K5Tres, the transmission will pick out only the
energies E; or Ep in the above energy integral expressions for the currents giving simple

equations. Consequently, the equations for the conservation laws for charge and energy are:

0=/ — feavL + fr — feavr> (1)
0=Jh/Q2y) + E_[f., — feavr] + Erlfr — feawr], )

where f; = f(EL, — i, Tres), fr = f(Er — Urs Tres) feavr, = f(EL — Heaw Teav), a0d fogur =

f(Er — Ucaw Teaw). From equations (1) and (2), one can solve for, for example, the quantity
feavr — fr = Jh/(2YAE). This quantity is proportional to the electrical current through the right

lead I;, = —Ip = I, the net current flowing through the system.

[0043] A solution of equations (1),(2) to linear order in the deviation of the cavity’s
temperature and chemical potential from the electronic reservoirs indicates that the maximal
power of the heat engine will be produced when the chemical potentials of the reservoirs are

symmetrically placed in relation to the average of the resonant levels, pp;, = tu /2 +
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(E, + Eg)/2. For this special case, an exact solution is possible because the constant solution
Ucay = (EL + Eg)/2 for the cavity chemical potential satisfies the charge conservation

condition (1) for all temperatures.

[0044] Focusing first on the regime y < kgTges, k5Tcqy, Which can be analyzed
analytically, and afterwards discussing the regime y~kgTres, k5Tcqy, Which can be found
numerically to yield the largest current and power. Physically, if an electron comes in the left
lead at energy E£;, and exits the right lead with energy Er > E;, it must gain precisely that energy
difference. Thus, in the steady state, any incoming energy current J must be associated with an
electrical current 7, with a conversion factor of the energy difference, AE = E, — E;, to the

quantum of charge, e,

_9 3)

[ =—.
AE

This result holds regardless of what bias is applied or what the temperature is.

[0045] The efficiency of the exemplary heat engine, 7, is defined as the ratio of the
harvested electrical power P = |(u;, — ug)I|/e to the heat current from the hot reservoir, J. For

this example it takes a simple form,

_ |y — wgl 4)
AE

[0046] The chemical potential of the cavity and its temperature are found and given in
terms of the incoming energy current and chemical potentials and temperature of the electron
reservoirs. These are found by employing the principle of conservation of global charge and

energy, see Egs. (1) and (2).

[0047] In addition to considering the cavity temperature 7¢,, as a function of the heat
current J being harvested, we can turn our perspective around, and consider where the cavity
temperature ¢, is kept fixed from being in thermal equilibrium with the hot energy source.
With this consideration, the heat current J can be expressed in terms of the hot cavity

temperature and other system parameters. In the limit where y << kgTres, kg Tcan, AE, we find:
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)= 2 1 (OB 2, Tew) — (B2~ /2, Taco)) ®
which satisfies charge and energy current conservation. In Eq. (5), % is Planck’s constant.
[0048] Without bias there is a rectified electrical current given by:

e] eyAE (6)

—_—
~

AE 4h [(kBTRes)_1 - (kBTCav)_l];

in the limit where kgTges, kg Tcqy > AE. This current is driven solely by the fixed temperature
difference between the systems. It is noted that both the heat and electrical current are
proportional to v, the energy width of the resonant level. Consequently, the currents and power
produced in this exemplary system will tend to be small since it has been assumed that vy is the
smallest energy scale. It is also clear that both are controlled by the size of AE, so increasing this
energy difference will improve power until it exceeds the temperature. These results are

generalized below by numerically optimizing the power produced in this nano-engine.

[0049] In order to harvest power from this rectifier, a load may be placed across it.
Equivalently, a bias V = u/e could be applied to this system, tending to reduce the rectified
current. At a particular value, u.op, the rectified current vanishes, giving the maximum load or
voltage one could apply to extract electrical power at fixed temperatures Tges, Tcav. This value is

found when J and 7 vanish, given by equation (5):

T,
Hstop = AE <1 — %). @)
cav
[0050] Therefore from equation (4), the efficiency is bounded by n < 1 — 77:}::; =7¢. At

the stopping voltage, the thermodynamic efficiency attains its theoretical maximum, the Carnot
efficiency, #¢, showing this system as an ideal nano-heat engine. It should be noted that at this
point (see Fig. 2B) the system is reversible with no entropy production. Also noted is the
efficiency at the bias point where power is maximum. For temperature larger than 4E or eV = u,
the Fermi functions can be approximated to find P ~ (y/4hkgTges) ,u(,uswp - ,u), resulting in a

parabola as a function of g, with maximum power:
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b YAEMC (8)
max = 16hkpTres

and efficiency Nyaxp = N¢/2 which is in agreement with general thermodynamic bounds for

systems with time-reversal symmetry.

[0051] One can go beyond this limit for the efficiency by solving the conservation laws
numerically. The total power produced by the heat engine may be optimized by varying the
resonance width y, as well as the energy level difference 4 and applied bias V = u/e, given
fixed temperatures Tges, Tcav. These results are plotted in Figure 3A, the average temperature

T = (Teay + Tres)/2 is defined, as well as its difference, AT = T¢qy — Tres. Figure 3B shows
that for AE < kT, the power increases as AE”, as indicated in equation (8), but then levels off
and decays exponentially, attaining its maximum around AE = 6kgT. Similarly, the choice

y = kgT gives optimal power. As such, the power of such a device may be increased (and
optimized) by measuring the resonant widths of the quantum dots, and tuning reservoir

temperatures and level spacing to the measured resonant widths.

[0052] From Figure 3B, the efficiency at maximum power can be seen to drop from half
the Carnot efficiency to about 0.27¢, when the parameters are optimized. However, it is noted
that when y is kept small, in the nonlinear regime, the efficiency can exceed the bound 1,,,5,p <
N¢/2 found in the linear regime. This small drop in efficiency is more than compensated by the
extra power obtained. According to Figures 3A-3D, the power reaches a maximum of
Prax~0.4(kgAT)? /h, or about 0.1 pW at AT = 1K, a two order of magnitude increase from a
weakly nonlinear cavity. This jump in power can be attributed to the highly efficient conversion
of thermal energy into electrical energy by optimizing both the level width and energy level
difference. As such, for example, if a 1 cm” square array of these nano-engines were fabricated,
each occupying an area of 100 nm?, they would produce a power of 0.1 W, operating at AT =

1K.

[0053] In Figure 4, the heat current J is plotted versus temperature difference and applied
bias. There it is shown that when system parameters are optimized to give maximum power, the
system can be operated in the mode of a heat engine (HE) or a refrigerator (R). However, in
contrast to the case where the levels are narrow compared to the other energy scales (and

consequently the cavity can cool to arbitrarily low temperatures in principle, see dashed line,

16



10

15

20

25

30

WO 2014/120841 PCT/US2014/013694

equation (7)), for this choice of parameters the cavity will only cool to the temperature where the

J = 0 curve (solid line) bends back.

[0054] There will be other quantum dot resonant levels the electron can occupy that are
higher up in energy. The cavity temperature and applied bias have been assumed to be
sufficiently small such that transport through these levels can be neglected. This exemplary
embodiment is quite general, so it may be applied to both semiconductor dots in two-
dimensional electron gases, as well as three dimensional metallic dots. In this latter case, one can
fabricate an entire plane of repeated nano-engines in parallel in order to scale the power.
Furthering this idea, for such a repeated array of cavities and quantum dots, one can connect all
the cavities to make a single engine (see, e.g., Figure 5). The two boundary layers comprise
planes of quantum dots, so electrons can only penetrate through them. These layers sandwich a
hot interior region and separate it from the left and right cold exterior contacts. This is equivalent
to taking a large cavity with two leads and scaling the power by adding more quantum dots
(rather than trying to add more channels to a single contact). The sandwich engine fabricated

with self-assembled quantum dots tolerates variations in width and fluctuations in energy levels.

[0055] Figure 5 depicts such a self-assembled dot engine; wherein a cold bottom
electrode (200) is covered with a layer of quantum dots (203) embedded in an insulating matrix
(206). The quantum dot layer is covered by the hot central region (209). On top of it, there is
another quantum dot layer (212) and another insulating matrix layer (215). The whole structure
is terminated by a cold top electrode (218). The positions of the quantum dots in the two layers
do not have to match each other. Thus, the device can be realized using self-assembled quantum
dots. The latter can have charging energies and single-particle level spacings of the order of

10 meV, thereby allowing the nano-engine to operate at room temperature.

[0056] The basic operating configuration for the engine is shown in Figure 6. Heat flows
into the engine from the hot energy source from which energy is to be harvested, and the heat is
converted into electrical power, along with residual thermal energy, and dumped into the cold
temperature bath. The electrical current is carried by the cold thermal bath, where it powers a
load and then completes the electrical circuit on the opposite cold terminal. The flow of heat out
of the hot energy source will consequently tend to cool the hot source. One application of such
an energy harvesting device is taking heat away from computer chips and running other devices

on the chip itself. In electrical chips, thermal energy is an abundant and free resource. Indeed,
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heat is not only free, it is a nuisance preventing further improvements on chip technology. The
ability of the proposed heat engine to not only harvest thermal energy, converting some of it into
clectrical power, but also to cool the hot source is a side benefit to the proposal of including such

heat-engines as part of an emerging chip technology.

[0057] Figure 6 is a schematic of the system operation configuration. Heat enters the
engine from the pink hot region, indicated by the chevrons from the left and right of the
schematic. The engine itself is signified by the central region with black holes indicating the
position of the resonant tunneling quantum dots. The position of the holes can be ordered or
disordered. Electrical current is generated perpendicular to the layers, indicated with the arrows

flowing from the bottom to the top of the schematic, in the cold regions.

[0058] In the actual fabrication of a resonant tunneling nano-engine, as long as there are
only a few dots, the precise placement of the resonant levels can be controlled by gate voltages
in order to maximize the power generated by the engine. However, such control may not be
practical with self-assembled quantum dots with charging energies and single-particle level
spacings of the order of 10 meV (thereby allowing the nano-engine to operate at room
temperature). To make such an engine, there are several possible fabrications techniques that
could be employed using layers of quantum dots and wells to have the resonant energy levels
lower than the Fermi energy on one side of the heat source, and higher on the other side.
However, in these fabrication methods, the growth of quantum dots does not typically occur at a
perfectly regular rate, so there will likely be variation of the resonant energy level from dot to

dot.

[0059] Degradation of the performance of a heat engine due to such variation may be
evaluated considering the energy-resolved current arising from a number of electrons passing
through N quantum dots on the left and then the right layer. The total current coming from the

left slice is given by:

N
” 9)
IEOt = Tf dETeff,L [f(E — UL TRes) - f(E — Hcav, TCav)]v Teff,L = Z T; (E' El')'

i=1
with similar equations for the total right current, as well as the energy currents. Here, Ti(E, E;) is

the transmission probability of quantum dot 7, which has a resonant energy level £; and a width

Vi, T;(E, E;) = y?/[(E — E{)? + y?] for symmetrically coupled quantum dots. Since neither the
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left nor cavity Fermi functions depend on the level placement, the sum over the quantum dots
can be done to give an effective transmission function 77, for the whole left slice. For
convenience, the fabrication process is assumed to be a Gaussian random one, where the energy
level E; is a random variable with an average of £;, and a standard deviation of ¢. Additionally,
only random variation in £; is considered below, but there will also be variation in y;, which is

ignored for convenience. With this model, the effective transmission will have the average value:
(Tetrn) = N{Ti(E, E))p = N dET(E — E)P5(E, ), (10)

where Pg is the Gaussian distribution described above. Thus, the effective transmission function
is shown as simply a convolution of the Lorentzian transmission function and the Gaussian
distribution, known as a Voigt profile. This leads to further broadening of the Lorentzian width.
With these considerations, the conservation laws for charge and energy retain the same basic
form as described above, but with N times the Voigt profile playing the role of the energy-
dependent transmission for the left and right leads. These equations have been numerically
solved and the maximum power per nano-engine is plotted versus the width of the Gaussian
distribution in Fig. 7A-7B. The parameters are chosen so as to optimize the engine’s
performance without randomness in the level position. As the randomness of the level position is
increased, the power begins to drop as expected. However, even when the scatter of the energy
levels is 10% of AF, the power only drops to 90% of its maximum, showing that this engine is
robust to these kinds of fluctuations in fabrication. Notice that if the level width is less than the
optimal amount, some disorder in the level energy can actually improve performance in
comparison to a cleanly optimized level width. This is because of the additional broadening in
energy space the level disorder provides. Another interesting effect is shown in Fig. 8, where the
value of v is not optimal together with a given amount of disorder in the energy level positions.
The figure demonstrates that even in this experimentally realistic case, a change of the voltage

and relative level spacing can yield results which are nearly as good as the optimal case.
[0060] Discussion of quantum well exemplary embodiments

[0061] An exemplary embodiment of the present disclosure using quantum wells is
schematically shown in Figure 11. The device comprises a central cavity connected via quantum
wells to two electronic reservoirs. In the following, the quantum wells are assumed to be non-

interacting such that charging effects can be neglected in a simplified model.

19



10

15

20

WO 2014/120841 PCT/US2014/013694

[0062] The electronic reservoirs, r = L, R, are characterized by a Fermi function

f(E) = {exp[(E — p,.)/ (kgTgres)] + 1371 with temperature Tg,, and chemical potentials y,..
The cavity is assumed to be in thermal equilibrium with a heat bath of temperature T¢,,,. The
heat bath can be of any type and depends on the source from which energy will be harvested.
Strong electron-phonon and electron-electron interactions within the cavity relax the energy of
the electrons entering and leaving the cavity towards a Fermi distribution f,,,(E) =

{exp[(E — tcgy)/(kgTcay)] + 1371 characterized by the cavity temperature T, and the

cavity’s chemical potential pi;q,.

[0063] The cavity potential p.q,, as well as its temperature T¢q4,, (01, equivalently, the
heat current J injected from the heat bath into the cavity to keep the heat bath at a given
temperature T,,,,) are determined from the conservation of charge and energy, I; + Ig = 0 and
JE + JE + ] = 0. Here, I denotes the current flowing from reservoir 7 into the cavity. Similarly,

JE denotes the energy current flowing from reservoir 7 into the cavity.

[0064] The charge and energy currents can be evaluated within a scattering matrix

approach as:

A
T = e:;.h J- dEJ_dEZTReS(Ez) [fr(Ez + EJ_) - fCav(Ez + EJ_)] (1 1)
And:
Z (12)

A
JE = | AR BB, + B Taes (BB + B

- fCav(Ez + EJ_)]-

Here, v, = m, /(h?) is the density of states of the two-dimensional electron gas inside the
quantum well with the effective electron mass m,. A denotes the surface area of the well. E, and
E | are the energy associated with motion in the well’s plane and perpendicular to it, respectively.

The transmission of quantum well r is given by:

[y (E)T2 (E) (13)
(E - Enr)z + [Frl(E) + Frz (E)]2/4.

Tr(E) =

Here, I}, (E) and T}, (E) denote the (energy-dependent) coupling strength of the quantum well to

the electronic reservoir r and the cavity, respectively. The energies of the resonant levels (more
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precisely the subband thresholds) within the quantum well are given by E,,,.. For a parallel
geometry with well width Z, the resonant levels are given by the discrete eigenenergies of a

particle in a box, E,, = (mhn)?/(2m*L?).

[0065] In the following, the analysis is restricted to the situation of weak couplings,
[T K kgTres, kgTcay, Whose energy dependence can be neglected. Furthermore, the level
spacing inside the quantum wells is assumed to be large such that only the lowest energy state is
relevant for transport. In this case, the transmission function reduces to a single delta peak,

T,.(E) =2m % 6(E, — E,,). This allows the integrals in expressions (11) and (12) to be
ir 2r

analytically solved for the currents and yields:

ev, A Tl —E -k 14
I = 2 1l [kBTResKl <.Ur r> — kgTouyK, <.uCav r>]’ (14)
h Frl + Frz kBTRes kBTCav
[0066] as well as:
Er vzo‘l Frl Frz [ Hy — Er Heav — Er (15)
=—I + —— | (kgT ’K. < >— kgT, ’K. <—>],
]r e r h Frl + Frz ( B Res) 2 kBTRes ( B Cav) 2 kBTCav

where, for simplicity, the energy of the single resonant level in the quantum wells is denoted as
E,.. Furthermore, the integrals K; (x) = fooo dt(1+ e )"t =log(1 + e*) and K,(x) =

oo . . . . . . k
fo dt t(1 + et™*)"1 = Liy(—e¥) are introduced with the dilogarithm Li,(z) = Zkzli_z' The
heat current is made up from two different contributions. While the first one is simply
proportional to the charge current, the second term breaks this proportionality. It is noted that in

the case of quantum dots with sharp levels, the latter term is absent.

[0067] In the following, the system in the linear-response regime is analyzed first and the
nonlinear situation is subsequently analyzed. It is assumed that both quantum wells are
intrinsically symmetric, i.e., [}; = I, = (1 + a)T, I, = g, = (1 — a)T. Here, T denotes the
total coupling strength whereas —1 <a <1 characterizes the asymmetry between the coupling of

the left and the right well.
[0068] Linear-Response Regime

[0069] The analysis begins with a discussion of the linear-response regime. To simplify

notation, the average temperature T = (T4, + Tres) /2 and the temperature difference AT =
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Teav — Tres are used. To linear order in the temperature difference AT and the bias voltage
eV = ug — yy, applied between the two electronic reservoirs, the charge current through the

system is given by:

ev, Al < E, Egr > [ < E;, Eg >] (16)
=-k= —eV — kgATg, | —,——
h="lk==m=0 /17 ~*81% T )]

with the auxiliary functions:

1—a? (17)
91xy) = 2+ (1 —-a)e*+(1+a)ey
and
g2(x,y) =x—y+ (1 +eX)log(l—e*)—(1+e”)log(1+e7) (18)
[0070] AtV = 0, a finite current driven by AT # O flows in a direction that depends on

the position of the resonant levels. If, for example, Eg > Ej, electrons will be transferred from

the left to the right lead.

[0071] The power delivered by the heat-driven current against the externally applied bias
voltage V' is simply given by P = I V. It vanishes at zero applied voltage. Furthermore, it also
vanishes at the so called stopping voltage Vo, where the heat-driven current is exactly
compensated by the bias-driven current flowing in the opposite direction. In between these two
extreme cases, the output power depends quadratically on the bias voltage and takes its maximal

value at half the stopping voltage. Here, the maximal output power is given by:

b VAT <kBAT>2 < EL Eg ) , < EL Eg ) (19)
max = o\ 2 ) I N\igT kgT) 92 \kg T Teg T
[0072] The efficiency # of the quantum-well heat engine is defined as the ratio between

the output power and the input heat. The latter is given by the heat current J injected from the

heat bath, i.e., we have n = P/]. For a bias voltage V = V,,/2 that delivers the maximal output

power, the heat current is given by:

_ VAl , AT <EL ER> (20)
=—2n KD 7 9: 1o ir)
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where the function g;(x, y) that satisfies 0 < g5 (x,y) < 2m?/3 is given by:

9(6) =2~ 1 =g (e Yx —y - 20,06 9)] - 201 + @D

aﬂh( )—ZG:—MLQ(
2(1 —a)log(1 +e¥)log(1+e™¥) — g, (x, ) +e*)(1 + e¥) log(1 +

1
1+e™Y

) —2(1 + a)log(1 + e)log(1 +e™*) —

1+e™%

e *) X log(1+e™?) — g, (x,y)0og?(1 + e™¥) [ex sinhx + gex(l +

ey)] — g1, Vlog?(1 +e™?) [ey sinhy + gey(l + ex)],

Hence, the efficiency at maximum power is simply given by:

19 (i ) 9 (e 7y) 22)

Nmaxp = 4 (i i) ’
93 \kgT ' %gT

TRes ~ E

with the Carnot efficiency n¢ = 1 — . o
Cav

[0073] Discussion of symmetric system, a = 0

[0074] The output power and the efficiency are discussed here in more detail, first
focusing on a symmetric system, a = 0. Figs. 12A-12D show the power as a function of the
level positions Ey, and Eg. It is symmetric with respect to an exchange of E}, and Eg. The

. . AT
maximal output power of approximately B, =~ VZZh

kgAT\2 .
(T) arises when one of the two levels

is deep below the equilibrium chemical potential, —Ej jp > kgT while the other level is located

at about Ey /p &~ 1.5kgT. An explanation for this will be given below.

[0075] Similarly to the power, the efficiency is also symmetric under an exchange of the
level positions. It takes its maximal value of = 0.17¢ in the region E;, Er > 0 where the output
power is strongly suppressed. For these parameters, energy filtering is efficient but the number
of electrons that can pass through the filter is exponentially suppressed. For level positions that
maximize the output power, the efficiency is slightly reduced to =~ 0.077¢. This efficiency is
much smaller than the efficiency at maximum power of a quantum-dot heat engine with
couplings small compared to temperature. The latter lets only electrons of a specific energy pass

through the quantum dot. Hence, charge and heat currents are proportional to each other. In such
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a tight-coupling limit, the efficiency at maximum power in the linear-response regime is given
by n¢/2. In contrast, the quantum wells transmit electrons of any energy larger than the level
position, because any energy larger than the ground state energy can be expressed as E, + E,,
where E, is the z-component and E, the perpendicular component of the electron’s kinetic
energy. Consequently, even high-energy electrons can traverse the barrier, provided most of the
energy is in the perpendicular degrees of freedom, and E, matches the resonant energy.

Therefore, quantum wells are much less efficient energy filters than quantum dots.

[0076] With regard to why the quantum-well heat engine is about a factor of three less
than the efficiency of a quantum-dot heat engine with level width of the order of kg T, the
schematic of Fig. 11 is analyzed. The right quantum well acts as an efficient energy filter
because the number of electrons larger than Ey is exponentially small. The energy filtering at the
left quantum well relies on a different mechanism. In order for an electron of energy F to enter
the cavity, the engine requires f;,(E) > 0 such that the reservoir state is occupied. At the same
time, feay(E) < 1 is also required such that a free state is available in the cavity. These
conditions define an energy window of the order kgT, which explains why the quantum-well
heat engine has an efficiency comparable to that of a quantum-dot heat engine with level width

kgT.
[0077] Discussion of an asymmetric system, a + (

[0078] In the case of an asymmetric system, where a # 0, both the output power and the
efficiency are no longer invariant under an exchange of the two level positions. Instead, power
and efficiency are strongly reduced for E;, < 0 and Ex > 0 if a > 0 (for a < 0, the roles of Ef,
and ER are interchanged). In contrast, for £, > 0 and Eg < 0, power and efficiency are even
slightly enhanced compared to the symmetric system. To determine the combination of level
positions and coupling asymmetry that yields the largest output power, power was plotted as a
function of the asymmetry a and the level position E}, (Figs. 13A-13B). It was found that the
maximal power occurs for a = 0.46 and F;, = 2kgT while —Ex > kgT. The resulting power is
about 20% larger than for the symmetric setup. At the same time, the efficiency at maximum
power is also increased compared to the symmetric system to =~ 0.127c, i.e., it is nearly
doubled. It is noted that the maximal efficiency that can be obtained for the asymmetric system is
given by 1 = 0.3n¢. However, similar to the symmetric setup, this occurs in a regime where the

output power is highly suppressed.
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[0079] Estimating the output power using the exemplary realistic device parameters of
Megs = 0.067m,, T = 300 K and I}, = Iy = kgT, a maximum power P, ,, = 0.18 W/cm® is
obtained for a temperature difference AT = 1 K. Hence, the quantum-well heat engine is nearly
twice as powerful as a heat engine based on resonant-tunneling quantum dots. The output power
scales with the effective mass, so that for m* = m,, the estimated power increases by 20 times.
In addition, the quantum-well heat engine offers the advantages of being potentially easier to
fabricate. As typical level splittings in quantum wells are in the range of 200 — 500 meV,
narrow quantum wells may also be useful for room-temperature applications (though leakage
phonon heat currents become of relevance then). Finally, it is noted that the device is robust with
respect to fluctuations in the device properties. For the configuration discussed above,
fluctuations of Ex do not have any effect as long as —Ex > kgT. Fluctuations of E}, by as much
as kgT reduce the output power by about 20% as can be seen in Figs. 13A-13B. Hence, the

disclosed device is robust with respect to fluctuations similarly to a quantum-dot based setup.
[0080] Nonlinear-Response Regime

[0081] Nonlinear thermoelectrics has recently received an increasing interest. The bias
voltage V, asymmetry of couplings a, and the level positions Ey, g were numerically optimized in
order to maximize the output power. The resulting optimized parameters are shown in Figures
14A and 14B as a function of the temperature difference AT. While the optimal asymmetry

a ~ —0.46 is independent of AT, the optimal bias voltage grows linear in AT. The right level
position Er decreases only slightly upon increasing AT. The left level position should be chosen
as —Ey, > kgT, independent of AT. It is not shown in Figure 14B as the exemplary numerical
optimization procedure results in large negative values for Ey, that vary randomly from data point
to data point because the dependence of the power on Ej, is only very weak in this parameter

regime.

[0082] The resulting maximal power grows quadratically in the temperature difference. It

Vzc/qr
2h

is approximately given by Py x = 0.3 (kgAT)?, independent of T. Interestingly, for a given

value of AT, the same output power is obtained in both the linear and the nonlinear regime.
However, as the efficiency at maximum power grows linearly with the temperature difference, it
may be preferable to operate the device as much in the nonlinear regime as possible. In the

extreme limit AT /T = 2, the quantum-well heat engine reaches 7,.0p = 0.227¢, i.e., it is as
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efficient as a heat engine based on resonant-tunneling quantum dots while delivering more
power. It is noted that the efficiency at maximum power is below the upper bound 7¢/(2 — 1¢)

previously shown in the art.

[0083] Although the present disclosure has been described with respect to one or more
particular embodiments, it will be understood that other embodiments of the present disclosure
may be made without departing from the spirit and scope of the present disclosure. Hence, the
present disclosure is deemed limited only by the appended claims and the reasonable

interpretation thereof.
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What we claim is:

1. An energy-harvesting device, comprising;:
a first electron reservoir having a chemical potential (y;,) and a temperature (Tres1);
a second electron reservoir having a chemical potential (ug) and a temperature (Tgesy ), the
5 second electron reservoir being in spaced apart relation with the first electron reservoir;

a cavity having a chemical potential (tic,,) and a temperature (T¢,,) Which is greater than
temperatures (Tres1, Tresz) Of the first and second electron reservoirs;

a first quantum confinement structure having an operative energy (EL), the first quantum
confinement structure electrically connecting the first electron reservoir to the cavity; and

10 a second quantum confinement structure having an operative energy (ER) which is different

than E7, the second quantum confinement structure electrically connecting the second

clectron reservoir to the cavity.

2. The device of claim 1, wherein a bias voltage V is applied between the first electron reservoir

and the second electron reservoir such that eV = py;, — ug.

15 3. The device of claims 1 to 2, further comprising a gate for applying a gate voltage, wherein the
operative energy of the first quantum confinement structure and/or the second quantum

confinement structure can be altered by providing a gate voltage at the gate.

4. The device of claims 1 to 3, further comprising:
a third electron reservoir having a chemical potential (u3) and a temperature (Tres3), the
20 third electron reservoir being in spaced apart relation with the second electron reservoir;
a second cavity having a chemical potential (gc,v2) and a temperature (T¢,y, ) Which is
greater than temperatures (Tresz, Tres3) Of the second and third electron reservoirs; and
a third quantum confinement structure having an operative energy (E},), the third quantum
confinement structure electrically connecting the second electron reservoir to the second
25 cavity; and
a fourth quantum confinement structure having an operative energy (Er,) which is different
than Ej 4, the fourth quantum confinement structure electrically connecting the third

clectron reservoir to the second cavity.

5. The device of claim 4, wherein E, = Ej; and/or Ex = ER;.
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6. The device of claims 4 to 5, wherein fcav2 = Ucay-

7. The device of claims 1 to 6, wherein the first quantum confinement structure and the second
quantum confinement structure are quantum dots, and the operative energy of each of the first

and second quantum dots is a resonant level.

8. The device of claim 7, wherein the relationship of the cavity chemical potential and the

resonant levels of the first and second quantum dots is such that: pc,, = (E;, + Eg)/2.

9. The device of claims 7 to 8, wherein the difference (AE) between the second resonant level
and the first resonant level is related to an average temperature (T = (Tcay + Tres1 + Tresz)/3)

of the device such that: AE = 6kgT, where kg is the Boltzmann constant.

10. The device of claims 7 to 9, wherein the resonant widths (y) are approximately equal to kgT.

11. The device of claims 7 to 10, wherein y;, = —u /2 4+ (E, + Eg)/2andpug=p /24 (E;, +
Eg)/2.

12. The device of claims 7 to 11, having more than one first quantum dots connecting the first
electron reservoir to the cavity and more than one second quantum dots connecting the second

electron reservoir to the cavity.

13. The device of claim 12, wherein the resonant levels of the more than one first quantum dots
are within the range of £10% of Ej and the resonant levels of each of the more than one second

quantum dots is with £10% of Eg.

14. The device of claims 1 to 6, wherein the first quantum confinement structure and the second
quantum confinement structure are quantum wells, and the operative energy of each of the first

and second quantum wells is a threshold energy.

15. The device of claim 14, wherein the first and second quantum wells are intrinsically

symmetric.

16. The device of claims 15, wherein the coupling strength of the first quantum well () is

approximately equal to the coupling strength of the second quantum well (T).
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17. The device of claims 14 to 16, wherein Ey is substantially equal to 1.5 times a thermal

energy (kgT), where T is a design temperature.

18. The device of claim 14, wherein the coupling strength of the first quantum well (T}) is not

equal to the coupling strength of the second quantum well (T3).

19. The device of claims 14 or 18, wherein [; ~ 2.70[, and Ey is substantially equal to 2 times a

thermal energy (kgT), where T is a design temperature.

20. A method of harvesting energy from a substrate having an elevated temperature, the method
comprising the steps of:
providing an energy harvesting device as defined in claims 1 to 5, having:

a first electron reservoir;

a second electron reservoir, the second electron reservoir being in spaced apart relation
with the first electron reservoir;

a cavity thermally coupled to the substrate, the cavity having a chemical potential (¢icay)
and a temperature (T¢,,) Which is greater than temperatures of the first and second
electron reservoirs;

a first quantum confinement structure having an operative energy (E}), the first quantum
confinement structure electrically connecting the first electron reservoir to the cavity;

a second quantum confinement structure having an operative energy (Eg) which is
different than E;, the second quantum confinement structure electrically connecting
the second electron reservoir to the cavity; and

electrically connecting a load between the first and second electron reservoirs.

21. The method of claim 20, further comprising the step of applying a bias voltage (V) across the

first and second electron reservoirs such that eV = y; — ug.

22. The method of claim 21, wherein V' = Vyo,/2, where Vi, is the voltage at which a heat-

driven current flowing in a first direction is exactly compensated by a bias-driven current

flowing in a second direction opposite to the first direction.

23. The method of claims 20 to 22, further comprising the step of applying a gate voltage using a
gate.
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24. A method of manufacturing an energy harvesting device as defined in claims 1 to 5,
comprising the steps of:
providing a first electrode layer;
depositing a first quantum confinement layer on the first electrode layer, at least a portion of
the first quantum confinement layer being in electrical communication with the first
electrode layer and having a first operative energy (EL);
depositing a central layer onto the first quantum confinement layer, the central layer being in
electrical communication with at least a portion of the first quantum confinement layer;
depositing a second quantum confinement layer on the central layer, at least a portion of the
second quantum confinement layer being in electrical communication with the central
layer and having a second operative energy (Eg) that is different than E ; and
depositing a second electrode layer onto the second quantum confinement layer, the second
clectrode layer being in electrical communication with at least a portion of the second

quantum confinement layer.

25. The method of claim 24, wherein step of depositing a first quantum confinement layer on the
first electrode layer comprises the sub-step of:
fabricating a first quantum dot layer on the first electrode layer, the first quantum dot layer
comprising a plurality of quantum dots disposed in an insulating material such that the
plurality of quantum dots are not in electrical contact with each other, each quantum dot
being in electrical communication with the first electrode layer and having an operative

level which is substantially equal to a first resonant level (Ey).

26. The method of claim 25, wherein the resonant level of each quantum dot of the first quantum

dot layer is £10% of E;.

27. The method of claims 24 to 26, wherein step of depositing a second quantum confinement
layer on the central layer comprises the sub-step of:
fabricating a second quantum dot layer on the central layer, the second quantum dot layer
comprising a plurality of quantum dots disposed in an insulating material such that the
plurality of quantum dots are not in electrical contact with each other, each quantum dot
being in electrical communication with the central layer and having an operative level
which is substantially equal to a second resonant level (ER), and wherein Ey is greater

than an operative energy of the first quantum confinement layer.
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28. The method of claim 27, wherein the resonant level of each quantum dot of the second

quantum dot layer is £10% of Ej.

29. The method of claims 24 to 28, wherein the relationship chemical potential (tc,y) of the

central layer is selected such that: pc,, = (EL + Eg)/2.

30. The method of claims 24 or 29, wherein the first and/or second quantum confinement layer is

a quantum well.
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