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Sun — the Greatest Source of Energy ﬁ’,
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Simplified solar spectrum and energy ratios to be used within
the PV cell and the TEG

[Elsarrag E. et al., Spectrum splitting for efficient utilization of solar radiation: a novel
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lThe loss of heat in the environment
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Temperature distribution on the surface of industrial units

[P. Shestakovsky. Thermoelectric alternative sources. New technologies. No 12. 131 (2010).]
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Mhy thermoelectrics and photovoltaics?

Gross electricity production by fuel, EU, 2000-2021
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Why thermoelectrics and photovoltaics? T“ R ﬁul
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» Clean and pollution-free >

4.0

» Low operating costs
» High reliability and no moving components
» Maintenance-free operation without noise
» The price of solar panels is currently decreasing
» Small and easily integrated into an existing setup
» Energy is converted directly (no intermediate energy conversion)

» Wide range of power generation from kW to uW
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1. Development of thermoelectricity and photovoltaics. Transition to
nanoscale elements

2. Methods of obtaining semiconductor nano-size materials

3. Peculiarities of the structure and properties of semiconductor
nanomaterials

4. Practical application of nanomaterials
5. Characterization of nanomaterials
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1) Select a scenario of interest for you: ' 3) For your report, lookout for answers to:

O

o . 4 i - N =

' electronic devices of a small airplane - Prerequisites; Description of needed <
materials (e.g., chemical formula, space >

dimensions) 4.0

N J

. . )
Production: What equipment do you

need to obtain the sample/material

. .
. needed in the device” )

| “
S .
)

' sports equipment

- Measurement and Modeling: How can
you check the parameters of the device?

2) Where could an additional power source
be useful in your chosen scenario? ' - Details in your chosen scenario: Where
should this device be placed?
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|. Development of thermoelectricity and
photovoltaics. Transition to nanoscale elements
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Semiconductors |
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[https://www.rs-online.com/designspark/what-are-semiconductors-definition-types-industries]
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anti-reflection coating {su}nligf\t? %
transparent adhesive ¢ ; > § ; [ Types of solar modules: ] '

cover glass front contact o N
N ’ UaE

[ monocrystalline }

p-n junction

n-layer semiconductor
p-layer semiconductor

o _

[https://www.insightsonindia.com/2022/08/10/indias-solar-power-dream/]
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}Development of photovoltaic devices
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70812 [nttps:/Awww.ncbi.nim.nih.gov/pme/articles/PMC5917436/ ]
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Physical principle of thermoelectric devices IAIJI
Thermoelectric Generator (TEG) Q
[Seebeck Effect] Z
p
Charge Carriers Teold metal contact %
Electrons - S | g
Holes + p-type leg
CZTS/CZTSe
n-type leg
AZO
Thot The  —
|> I measured AV
—AA— =
Resistive Load -
Electron Floy -
Charge carriers diffuse away from the hot Picture of the realized devices for both Thermoaraphv of
end. Buildup of charge at the cold end grapny o
produ:es : voltage potential CUy 125ZNg g755NS, (CZTS) and Cuy, 1,52N, g755NSE,, the TEG device
(CZTSe) p-side and in standard (2 p—n couples) under operation
configuration,
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[Isotta E., et. al. (2022). Advanced Functional Materials, 32(32), 2202157.]



Physical principles of thermoelectric power generation ﬁul
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The figure of merit ZT is e b %

defined as

ZT=(S%)T/ K
where (52 o) is a power factor,
S - Seebeck coefficient,
o - electrical conductivity,
T - absolute temperature, and
K - thermal conductivity. I o
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The evolution of the figure of merit (over the years).

e 14 [http://www.sel.eesc.usp.br/jcarmo/pdfs/PUBLICACOES/CAPITULOS/CAPO7.pdf]
age




=&

O
=
=z
>

B
O

I1. Methods of obtaining semiconductor
nano-sized materials
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Bulk Materials
Hot Pressing
Cold Pressing

Hot Isostatic Pressing

Page 16

Obtaining

Thin Film Materials
Vapor Deposition
Chemical Vapor Deposition

Atomic Layer Deposition

Chemical Bath Deposition

Epitaxial Growth

-

Sol-gel Chemistry

Aqueous Method
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| From powder to thermoelectric material ‘ 4 F ™

Top tool s

Chamber

Rotating direction

Heating
elements
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Powder

Die

Bottom tool /

‘ Top Support Plate

Top Pressing Rod '

Load dry powder
32-75 micron
Sen— —_— 3 Ty Pressing Die Sleeve
- : s 1 3 AR Bottom Pressing Rod
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[https://specac.com/product/sample-preparation-equipment/p6-planetary-ball-mill/]
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Obtaining of thin films by Vapor Deposition \ IAIJI
O
= soda-lime glass O OARCR S %
rﬁfbstm Holder } Deposited (SLG), | evaporation >
Substrate 4 iy Thin Film Al-doped 7n0O of contacts 0
, & Vaporized (AZO); Z'Zt;pe IegW Sputtering |
, ' Material of AZO
o R (Cu2_125Zn0_8758nS4 : > i
S CZTS) and
Target kapton mask
Material o Evaporator CU, 157N g755NS8, p-type leg
[_J (CZT%e) cnslczm-#// § rliiing
l extra film

Srheme of Demal evaparaton agosson CZTS/CZTSG Sputtering
> of Cu, Zn, Sn

(Park et al. 2016) Sulphurization/

SLG substrate 74 / Selenization

Illustration of the steps of thin film fabrication.

[Izotta E, et al., Advanced Functional Materials,
32(32), 2202157.]
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| (I) Volmer-Weber (Island)

- " . ‘L >
§300Nm§ ' )

PbTe / Mica

(II1) Stranksi-Krastanov

[Powell, Michael. (2015). VO, Thin Films and
Nanoparticles, from Chemical Vapour Deposition and
Hydrothermal Synthesis, for Energy Efficient Applications.]

2“m EHT=2000kv  Date 8 Sep 2009

$ J
. Date 8 Sep 2000
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|Obtaining of thin films by Atomic Layer Deposition ‘

<A

A" Source Feeding ‘§ ”33' | “ msa
Biddoiiain ™ -

Substrate Chemisorption of A Source and Purge
Saturation Mechanism

"B" Source Feedlng q 'b *’J M
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Lo
A Source :")
Purge Chemical Reactions between B Source
B Source g’ and A Source & Saturation Mechanism

[Hwang C. (2012) ALD(Atomic Layer Deposition) Process Technology in the Semiconductor Industry. Physics
and High Technology, 21. p.37]
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Obtaining of thin films by Metalorganic Chemical Vapor Deposition: i
1]

O

Photolithography  Monolayer coating  Nanosphere lithography |1 ,stratjons of the selective patterning process and =

:>PR - 7 cross-sectional SEM images (a, b, ¢) of the Ge NP =

solar cells. 70

PS nanoparticles

[Kim, Y. et al. Ge nanopillar solar cells epitaxially
rNanosphere lithography‘

G grown by metalorganic chemical vapor
MOCVD growth deposition. Sci. Rep. 7, 42693].

G MOCVD growth
n-GaAs : 300 nm

Device fabrication

n-InGaP : 100 nm
T n-Ge : 5nm

Radial junction

Planar junction
A: contact area

belynction area A schematic diagram of the Ge NP solar cell.
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[11. Peculiarities of the structure and properties
of semiconductor nanomaterials
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'Solid materials
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g0 Fermi level
=
<3,
valence
band
metal semiconductor insulator

A diagram showing the valence and conduction bands of insulators, metals, and semiconductors.
The Fermi level is the name given to the highest energy occupied electron orbital at absolute zero.

Kumar, D. S., Kumar, B. J., & Mahesh, H. M. (2018). Quantum nanostructures (QDs): an

Page 23 overview. Synthesis of inorganic nanomaterials, 59-88.
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'Semiconductor materials

elemental IVB Ge, S1,C
Group
¢——— binary IV-IV —— S1Ge, SiC
—t— bmary —+—— II-V InP. GaAs. GaN
- T bin:? _._ I1-VI HgTe, CdSe. ZnS
& ] ¢— ternary —— HgCdTe. AlGaAs

quaternary — InGaAsP, InGaAlP
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l Multilayer solar cells’ band structure

i_..-"'

conduction

band 'y

(a)

valence band

It

(b)

Formation of quantum barrier (a) and quantum well (b).
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The allowed energy levels in the
quantum well:

2 p2 h2 h2 )

E: = = 2: 2n
2  2m 2mA°  8ml

where p is the electron
momentum, m is its mass, h is
Planck's constant.
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'Size dependency of energy band structure ‘
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Bulk Quantum
Atom semiconductor nanostructure

Schematic diagram of the energy band structure in atom, bulk structure and nanomaterial

Kumar, D. S., Kumar, B. J., & Mahesh, H. M. (2018). Quantum nanostructures (QDs): an

Page 26 overview. Synthesis of inorganic nanomaterials, 59-88.




Size dependency of energy band structure

Conduction
Conducllon
Conduction
e —— I

Energy ST R .
IEVEIE bands _u'(,L,. iFJIODI DWEQV,L,:QM
— - T —— -

one two three many — Y= Valence Valence

atom atoms atoms atoms

Size-dependent band gap from atom to QDs (quantum confinement model)

[https://www.physics.udel.edu/~watson/scen103/98w/clas0121c.html]

[https://www.frontiersin.org/articles/10.3389/fphy.2021.612070/full]
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lSize dependency of energy band structure s
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O
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Schematic diagram for bulk material and quantum nanostructures: quantum well, quantum
wire, quantum dot.

[Kumar, D. S., Kumar, B. J., & Mahesh, H. M. (2018). Quantum nanostructures (QDs): an
overview. Synthesis of inorganic nanomaterials, 59-88];
Page 28 [http://org.ntnu.no/solarcells/pages/pn-junction.php]
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'Band structure of PbTe \
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E-Ef, eB

Density of electronic states of clusters: a) Pb,,Te, 5, b) Pb;,Te,, Solid line - total values, dots -

2 contribution of surface atoms, dashed line - contribution of internal atoms in DOS.
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’Absorption of light \
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[Kalsoom UE, et. al. (2021). Nonlinear optical properties of CdSe and CdTe ] . ] —kd
Page 30 core-shell quantum dots and their applications. Frontiers in Physics, 9, 612070.] T ()e




‘3rd generation: tandem solar cells
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Schematic illustration of CBD-PbS/CdS solar cells with
| different assembled structures. (a) Traditional PbS-
i QDs/CdS solar cell, (b) PbS-QDiM/QDs/CdS stacked

VNNID
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, | tandem two-layer solar cell and (c) PbSe-QDiM /PbS-
| _ ~ Waalcontae L gj QDiM/QDs/CdS stacked tandem triple-layer solar cell.
NSRRI WA -_—
g e, "0 o« T v
NGW cds
N\ - —— lfTQ___XT» Energy barrier
\\:;;:;(:;l_afs::______\ e 3 . ® & S
PbSe =0
--------- e @ .
o \t’\ . @ 0\ -------------

[https://doi.org/10.1002/wnan.78]
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Techniques for nano-size materials investigation

Transmission electron

microcopy
Energy dispersive X-ray Scanning electron
Spectroscopy (TEM) microcopy
X-ray
Diffraction
Atomic Force Microscopy Thermoelectric properties
(AFM) Investigation

Photovoltaic

measurements
Page 32
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| SEM application for surface structure analysis
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EDX maps of elemental distribution.
Scale: 20 nm.

[Saliy Y. et al. (2023). Physics and
Chemistry of Solid State, 24(1), 70-76.]

o

[
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Transmission electron
microscopy image of
diffraction of crystalline
material.

EDX distribution map for the multilayer

Si/Cu/CdS/CdTe specimen.
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| X-ray Diffraction Analysis

O
Apparatus Bruker Discover D8 =
Function Structure characterization :IZ>
Main Purpose X-Ray Diffraction analysis of 4.0
thin films
Main Characteristics High resolution XRD
g (a)
Facilities X-ray reflectometry, grazing angle £ = [ =8 g g 3
diffraction, stress analysis, texture g_E i | i W I’ x
analysis, x-y mapping, reciprocal - |1 f"ﬂ-*i“ﬂ-i“ﬂ-“'“-“’
space mapping l Pby,,Sn, ,Te
Specimen Flexible, max 80 x 50 x 20 mm .. — .‘I .I I A “FoTe
: : . : 20 30 40 50 60 70 80
[Saliy Y. et al. (2023). Physics and Chemistry of Solid State, 24(1), 70.] 20 (deg)
https://www.tudelft.nl/en/faculty-of-applied-sciences/about- : iy
][ | ' i t ; / X _ avli lab The powder X-ray diffraction patterns for PbTe,
acu I;Xge gpartments/quantum-nanoscience/kavli-nanolab- Ph, ,SN, . Te, and Pby /SN, ;Tey o5l o; SPecimens.

delft/equipment/inspection/bruker-xrd]
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[Saliy YP, et.al. (2017) Journal of Nano and Electronic

Physics.9(5). p. 05016.]

[Agarwal DH, et. al. (2012, June). Development of
portable experimental set-up for AFM to work at
cryogenic temperature. In AIP Conference Proceedings

(Vol. 1447, No. 1, pp. 531-532).]

Page 36

'Atomic Force Microscopy (AFM) analysis |

Topography - Scan forward

Topography - Scan forward

Topograpﬂv Scan forward

Topography - Scan forward

’7 " f\ N“\q’. \'\‘lk“ s‘\l-‘.

Line # 60 Anm

Topography range

b

AFM images of the CdTe films, deposited on glass

with thick (a) and thin (b) thickness.

The size of the observed surface is 2.5 x 2.5 micron?

Lire % 1540m

Line & 445wm
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k, Wi(cm C)
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|Thermoelectric parameters (PbTe: ZnO) |

G, (Ohm cm)!

+PbTe (1b) Q
i B PbTe+1.0 mas.% TiO2 (2a)
2 PbTe+1.0 mas.% ZnO (3c) Z
20 _% :ig;z:? 8 mzz ";‘: ;:8 5—4zr)1neal (3¢*) WIthOUt Zno Z
15 i % % % §%% 600 ] SEM\NV::!0.0KV WD: 7.91 mm VEGA3 TESCAN| %
I P ! ' 3 + T e -
L s 400 - § % g
5@ . . * ®* o
© 200
0 : : ; ; ‘ S :
100 150 200 250 300 350 £ & seumiosry | woseese | 100 U0TD i
TC i 0 ‘ ‘ ‘ ‘ Bl e T e
100 . Pb}go 200 25% 3 T,C
200 | ™ PbTe+1.0 mas.% TiO2 (2a)
4 PbTe+1.0 mas.% ZnO (3c)
0.015 - +PbTe (1b) ® PbTe+3.0 mas.% ZnO (4b)
’ B PbTe+1.0 mas.% TiO2 (2a) 400 J ~PbTe+1.0 mas.% ZnO + anneal.(3c*)
4 PbTe+1.0 mas.% Zn0O (3c¢)
@ PbTe+3.0 mas.% ZnO (4b) ! : -
0,012 - ~ PbTe+1.0 mas.% ZnO + anneal. (3c*) Sce T aa B
0,009 i’ ! % Temperature dependence of specific conductivity o (a),
{I thermoelectric coefficient o (b) and thermal
00081 ] LHlL} % % conductivity k (c) of PbTe samples with the ZnO
0,003 | impurities (nanodispersed powders). For all samples:
10010200 §5° PbTe fractions of (0.05-0.5) mm, pressing pressure of
1.5 GPa. The sample 3c* was additionally annealed for
15 minutes at 500 °C.
Page 37 SEM HV: 30.0 kV WD: 8.23 mm

SEM MAG: 172 x Det: SE 500 ym
View field: 2.42 mm Date(m/dly): 06/02/17
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[¥] SCAPS 3.3.07 Solar Cell Definition Panel [} - (m] x

=

: illuminated from : apply voltage Vto:  currentreference as a:
Layers b v H Bo :gn"g’“t“ | el Invert the structure|
left contact (front) _
NiOx VR
NiO / Perovskites

VNNID

Perovskites
ZnO

4.0

Perovskites / ZnO

add layer

right contact (back) eft contact right contact

front back

Info on graded parameters only available after a calculation

Problem file

c\Program Files (x86)\Scaps3306\def\
ZnO_Planar_Structure_NiO_Values taken from USA paper and Nature def
lastsaved: 27-2-2018 at 10:11.57

Remarks (edit here)

SCAPS 3.3.06 ELIS-UGent Version scaps3306.exe. dated 19-09-2017, 10:49:56 Problem { @ ]
last saved by SCAPS; 27-02-2018 at 10:11:57 new

Based on "the CdTe-base case” by Markus Gloeckler, Colorado, summer 2003 cancel
See also: M. Gloeckler, A Fahrenbruch and J Sites, o
“Numerical modelling of CIGS and CdTe solar cells: setting the baseline”,

Page 38 Proc. 3rd World Conference on Photovoltaic Energy Conversion (Osaka, Japan, may 200

PP 491-494, WCPEC-3, Osaka (2003). ; A
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IV. Practical application of nanomaterials
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Solar power satellites
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whrtlerstock. com < 2245354009

e 41 [https://www.shutterstock.com/search/solar-power-satellite]
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[Li X., etal. (2021). Review and perspective of materials for flexible solar cells. Materials Reports: Energy, 1(1), 100001.]
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film

Encapsulant
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Solar Cell+

Solar Radiation

—

A ventilated semi-transparent photovoltaic (PV) facade (a) and a photovoltaic double-skin facade (b), a

Page 43

building-integrated concentrating photovoltaic (c), roof panels (d).
[Zhang T. et.al. Energies 2018, 11, 3157]; [https://solarmagazine.com/solar-panels/]
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l Thermoelectric devices for everyday use ‘
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1118

o . 4o
New Generation - Future
16 for
1 Flexible Device
12 4 . .

LS
\\\\\
------

High Cost
Low Voltage
ﬁ
0.0

CTEM FTEM

Output Power Per Unit Weight (mW/g)

T

Conventional thermoelectric modules (CTEMs),
Flexible thermoelectric modules (FTEMs)

Matrix Power Watch (Boukai, 2017)

[http://www.sel.eesc.usp.br/jcarmo/pdfs/PUBLICACOES/CAPITULOS/CAPQ7.pdf]
[You HJ, et. al. (2019). Influence of different substrate materials on thermoelectric module with bulk
page 44 legs. Journal of Power Sources, 438, 227055.]
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| Thermoelectric devices In health care devices

Deep Brain f i
Neurostimulators -

O" Cochlear Implants

") Cardiac Defibrillators/
J Pacemakers
//
% Insulin Pumps
-
<

VNNID
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Foot Drop
Implants -

=3
Gastric o~
Stimulators

Figure 13. Common implantable devices.
[Kumar et al. (2019). The design of a thermoelectric generator and its medical applications. Designs, 3(2), 22.]
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\Thermoelectric devices Iin medicine

(a)

VNNID
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Thermoelectric projects form do IMEC; (a) Pulse oximeter powered by a TEG with power consumption of 62 uW at
22°C; (b) Body-powered ECG headband and (c) ) electrocardiography (ECG) shirt

[http://www.sel.eesc.usp.br/jcarmo/pdfs/PUBLICACOES/CAPITULOS/CAPQ7.pdf],
[Leonov, V. (2013). Thermoelectric energy harvesting of human body heat for wearable sensors. IEEE Sensors

Journal, 13(6), 2284-2291.]
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Thermoelectric devices in car mechanisms

After flange
Exhaust manfold Muttier

Driveshaft

VNNID

Bypass
Valve

4.0

Electrical
i Connections

TEG

" Flex Couplings

Integration of the TEG into the underfloor
of the Ford Lincoln MKT vehicle

[Crane D., et al. TEG On-Vehicle
Performance and Model Validation and
What It Means for Further TEG
Development. J. Electron. Mater. 42,
1582-1591 (2013).]

(b)
Thermoelectric generator’s positions: (a) Exhaust system inside a passenger

vehicle (Crane and LaGrandeur, 2010). (b) TEG’s assembly on a flat heat
Page 47 exchanger (Mori et al., 2011)
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V. Exercises: Characterization of nanomaterials
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1) Select a scenario of interest for you: ' 3) For your report, lookout for answers to:

O

o . 4 i - N =

' electronic devices of a small airplane - Prerequisites; Description of needed <
materials (e.g., chemical formula, space >

dimensions) 4.0

N J

. . )
Production: What equipment do you

need to obtain the sample/material

. .
. needed in the device” )

| “
S .
)

' sports equipment

- Measurement and Modeling: How can
you check the parameters of the device?

2) Where could an additional power source
be useful in your chosen scenario? ' - Details in your chosen scenario: Where
should this device be placed?
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