_ecture 7 Solar Cells

* review

 solid-state thermionics

e solar cells: basic principle
 solar cells: maximum efficiency
 factors impacting efficiency

o different types of cells

Nanoengineering Group -WARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MIT



Compare Schottky diode and pn diode
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Thermionic Emission and Energy Filtering
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Eneréy filtering

Figure by MIT OpenCourseWare.

Moyzhes and Nemchinsky, Appl. Phys. Lett., 73,
1895-1897 (1998).

Shakouri and Bowers, Appl. Phys. Lett., 71,
1234 (1997).
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Potential-Step Amplified Thermal-Electrical Energy Converter
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Sharp Interface: Electron Mean Free Path > Space Charge Region

Single Carrier Transport
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Amplification of Temperature Discontinuity
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Two-Temperature Modeling Results
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Power Generation Efficiency
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Photovoltaic Cells
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Solar Cell: Open Circuilt Voltage
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|\VV Characteristics of Solar Cell

JCRR S

BB

Images removed due to copyright restrictions.
Please see Fig. 5 in Chapter 14, "Solar Cells." Sze, Simon M.
Physics of Semiconductor Devices. 2nd ed. New York, NY: Wiley, 1981.

From S.M. Sze, Physics of Semiconductor Devices, 2"d Ed., p.795
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Maximum Power Output
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Source Term

Radiation J B ere j (1 R ) ba) (T C())
Elgctrode I
| | |
p-type film

Fraction of solar radiation reaching earth
One photon generates one electron-hole pair

n-type substrate
| JV

Is “— Incident solar radiation flux

Question: what is the maximum possible efficiency?
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Schokley-Quisser Limit
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Shockley, W. and Queisser, H.J., Journal of Applied Physics, 32, 510 (1961).
Henry, C.H., Journal of Applied Physics, 51, 4494 (1980).
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Schokley-Quisser Limit
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|deal Device

eV —E
J = Aexp 1=
L
BT Image removed due to copyright restrictions.

Please see Fig. 3 in Henry, C. H.

"Limiting Efficiencies of Ideal Single and Multiple
Energy Gap Terrestrial Solar Cells." Journal of
Applied Physics 51 (August 1980): 4494-4500.

Follow same efficiency
analysis to maximize efficiency

Henry, C.H., Journal of Applied Physics, 51, 4494 (1980).
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Multijunction
Cells

Cell 1
Tunnel . Image removed due to copyright restrictions.
Sigmndiaas Cell 2 Please see the kchematic of a tandem PV cell
J in Pentland, William. "Bolar Energy's Bleeding
Cell 2 Edge - Breakthrough PV Research Projects."
el CleanBeta Blog, June 22, 2008.

http:/iwww.solarserver.de/solar

magazin/images/Imagenl_web.g

if

Courtesy of Antonio Luque.
Used with permission.

http.//spie.org/Images/Graphics/Newsroom/Imported/0689/0689_fig2.jp -

>50%
{100-500%)

HighGap

InGaP

http://cleantechlawandbusiness.com/cleanbeta/wp-
content/gallery/cache/314__520x420_tandempv.jpg

Image removed due to copyright restrictions.

Please see Fig. 4 in Henry, C. H.

"Limiting Efficiencies of Ideal Single and Multiple

Energy Gap Terrestrial Solar Cells."

Journal of Applied Physics 51 (August 1980): 4494-4500.

i (10005 LowGap2 Henry, C.H., Journal of Applied Physics, 51, 4494 (1980).
Si(11ev) Ge (0.7eV) Ge
Single junction t_m'ltmf!l'r't::i_g mechanlilsa_l"r SIF}Efalﬁ'd M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MIT
riple jun |-|"| M LEE= Junciion

Courtesy of Claudio Pelosi, Matteo Bosi, and SPIE. Used with permission.
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http://cleantechlawandbusiness.com/cleanbeta/index.php/2008/06/solar-energys-bleeding-edge-breakthrough-pv-research-projects/
http://cleantechlawandbusiness.com/cleanbeta/index.php/2008/06/solar-energys-bleeding-edge-breakthrough-pv-research-projects/

40
Multijunction Concentrators e .
v Thios firctor (2 sarinal Best Research-Cell Efficiencies =1 A i
36— A monolithic) st I U o
: . . . rolab
Two-junction (2-terminal, monolithic) e
32 xystalline Si Cells
O Single crystal
® Multicrystalline
28— Thin Si
Min Film Technologies
) O Cu(In,Ga)Se
3 LE, ' 2
o 24 O CdTe NREL
55 @ Amorphous Si:H (stabilized) S 1 ﬁéﬁ%ﬁeﬁm L
GCJ 20 |- EINan?-, mi.cro-, poly- Si ’ Georgia Tech o _
S Multijunction po{ycrysta{)ﬁ?ng ARCO Georgia Tech  Sharp = el N NREL NREL
b Energing PV S troPower NREL
: (small area) NREL
" 16 eDjecels o ca e o s O L
Organic cells State University 50, | B Euro-CIS United Solar » G (45“:’,'#5 teim Sharp
(various technologies) Kodgk  Soarex Biora T transfer) (large area)
121 Boeing =
AMETEK Photon Energy &
Masushita - ¥
United Solar Kaneka
8 == {2umon gass)
Ktk
University Linz
[ Jor = i
0of Maine
RCA R RCA University Linz U"Eﬁfuy
I
0 == LN TR il T7—tmee] 4 JI[F F 300 0 S OO0 oS |1 0 L ST S (I iy [ L (10 F 5 P [EENE Ry 55
1975 1980 1985 1990 1995 2000 2005

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
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Challenge: Recombination
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Figure by MIT OpenCourseWare.

http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-
Delhi/Semiconductor%20Devices/LMB2A/3b.htm
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Photon Absorption
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Courtesy of Christiana Honsberg and

oL--- ab SOr pt| on co effl C | ent Stuart Bowden. Used with permission.

0=1/a---penetration depth (H.J Moller, 1993)

Nanoengineering Group -WARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MIT



Direct vs. Indirect Semiconductors

ENERGY ENERGY
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Thin and Thick Dilemma

For Light Capture

e Crystalline Si: >100 um
« Amorphous Si: ~1 um

ho

For Charge Transfer

e Thinner is better

Solar Radiation
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Issue of Cost

100.0 ¢ 2
; 3 QTE Future scenarios: E
: \ B Crystalline sil
%n.“ _ & Thin films/Concentrators
> 2 M New technologies
§ 1000 2 © Sngeesaines
S 2003 2013* 2023
L) 61% e Thinfilm i
] o asi
'= e CIS =
n- comes Al N RS~
[+ 4] Y
@ | 90
% 1 ,U g Installed PV capacity by cell type, 2003 %
E r Figure by MIT OpenCourseWare.
- C US DOE cost goal ($0.33/W,) = 80%
= [
- 'Fulufé-year markerSarebased ~ . ST TTEEETE e T
on 25% annual growth rates. Pl
0.1 1 i uuaual 1 L1 aaasal i i u asunal L i n xxanal M s o aanal 5 (R B EER | 58 1 5 EEL]
0 1 10 100 1,000 10,000 100,000 (1 TW)

Cumulative Production (MWp)

Courtesy of Thomas Surek. Used with permission.
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Single Crystalline and Polycrystalline Si Cells

(1) Surface Contact
(2) Anti-Reflection Coating
(3)n type Silicon |
— (4)p type Silicon

q (5)p+ type Silicon

(6)Back contact

—

http://i.,ehow.com/images/GlobalPhoto/Articles/5282425/CellS
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[ | Antireflection layer
Sio2

1 Aluminum

!

http://wpcontent.answers.com/wikipedia/en/thumb/d/d7/Silicon_
Solar_cell_structure_and_mechanism.svg/400px-
Silicon_Solar_cell_structure_and_mechanism.svg.png
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Images from EERE, Wikimedia Commons,|sbma44 on Flickr, and Cyferz on Wikipedia.
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Thin Film Solar Cells

Mo 0.1 pm)
Sb.Te, (= 0.1 um)

Absorber laver (CdTe = 4-6 pun)

} Back contact

Window laver (CdS0 = 0,08 um)

Buffer laver (ZnO = 0.1 ym) )
f regr ¢

Indium Tin Oxide (= 0.5 pm)

Soda-dime glass (SLG)

Vistble light

Courtesy of Elsevier, Inc., http://www.sciencedirect.com.
Used with permission.

Image removed due to copyright
restrictions. Please see Fig. 2 in
Compaan, Alvin. "Photovoltaics:
[Clean Electricity for the 21st Century."
APS News 14 (April 2005).

http://www.aps.org/publications/
apsnews/200504/images/fig2_tri
ple_junction_cell.jpg
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Courtesy of EERE.
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Polymer Cells
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Courtesy of IMEC. Used with permission. Pg
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PV Efficiency: ~11% (~7% module)

Hydrogen Generation: ~5%

Gratzel, Nature, 2001.
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Trends in Solar PV

US$0.10/W  US$0.20/W

Cost, US$/m?

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

Us$0.50/w

Thermodynamic
lirnit

{1 US§1.00/w

Single bandgap
lirnit

..-{ US$3.50/W

(Source: Martin Green

Can we bring Si into Gen. Il paradigm?
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