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What is needed for a PV converter?
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What is needed for a PV converter? A material sensitive to light
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What is needed for a PV converter?: Transport X lifetime
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What is needed for a PV converter? Selective contacts

Efficiency =1 = I
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A material sensitive to light: A semiconductor
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Transport x lifetime
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Selective contacts: p-type and n-type semiconductors




Selective contacts: p-type and n-type semiconductors
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The solar cell as pn junction

Sunlight

l l

metal grid —\ / antireflective layer
[l [ [ [ []

n-type layer

I
h+!ﬁ e-

p-type layer

h+iﬁ e
!
. 1

metal contact —/

Figure 3.1 A schematic of a simple conventional solar cell. Creation of electron—hole pairs, e~
and h™, respectively, is depicted

J.L.Gray, Handbook of photovoltaic Science and Engineering 2 ed. (John Wiley & Sons, Chichester, 2004).



Current-voltage characteristic of a solar cell

Instituto de Energia Solar

maximum
4.0 /_ power point
3.5
3.0}
< 25 Parameter| Value
% ' ’SC 3.67 A
t 20 Voc |0.604 V
®]
= ; hap 3.50 A
1.
o 19 Ve | 0.525V
1.0}
0.5}
0.0 ' '

00 01 02 03 04 05 06 07
Cell Voltage (V)

J.L.Gray, Handbook of photovoltaic Science and Engineering 2 ed. (John Wiley & Sons, Chichester, 2004).



Current-voltage characteristic of a solar cell
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J.L.Gray, Handbook of photovoltaic Science and Engineering 2 ed. (John Wiley & Sons, Chichester, 2004).
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Impact of series resistance on FF
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J.L.Gray, Handbook of photovoltaic Science and Engineering 2 ed. (John Wiley & Sons, Chichester, 2004).



Input power (solar spectra)
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Selective contacts: p-type and n-type semiconductors
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Pn junction bandgap diagram
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The role of the electric field
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CURSO DE ENERGIA SOLAR FOTOVOLTAICA

Capitulo 1

Fundamentos de la Conversion Fotovoltaica:

La Célula Solar

Antonio Marti
Instituto de Energia Solar - UPM
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Figura 7. Un semiconductor, sin estructura pn, (izquierda) aunque se ilumine no provoca la circulacion de
corriente eléctrica. La union pn hace posible la circulacion de la corriente eléctrica gracias a la presencia

de un campo eléctrico.




The solar cell as pn junction (wrong argument)
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« Conventional (inorganic) solar cells
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« Conventional (inorganic) solar cells
— silicon
— 1lI-Vs (multi-junction solar cells, GaAs, InGaP, InGaAs...)
— thin films




Solar Cell Efficiency records (as in 2018)
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L.L. Kazmerski, National Renewable Energy Laboratory (NREL), Golden, CO, September 2018
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The abundance of materials problem
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 Si—not a problem

9
10 ] 1 I I 1 1 1 ] 1 ] I 1 ] T ] T ] 1

* Cu(InGa)Se, ->In

| in ltalic

10-6 1 1 1 | 1 1 1 | | | 1 1 1 ! 1 1

L ]
10 20 30 40 50 60 70 80 90
Atomic number, Z

w

S

2 - Rock-f : Relative abundance of -

g L OCR-ToIming the chemical elements in -
« CdTe->Te ® 10° | elementSgarth ' s upper continental crust -

e .
«  Multijunction -> Ge W 4

Q

- 107 [ Sr, Ba Rare earth i

- i _elements f

£ Nb A Nd,

3 T 8 [La¥Smiby A, Mo

— 1 Mo Cs f ¢ 1 .

(o] i Cd Sbl 1 ' 1

8 In

) - Major industrial 1

® 103} metals in Bold RuPd Te E

8 - Precious metals Rh Rarest "“metals? g

S

3

<

P.H. Stauffer et al, Rare Earth Elements - Critical Resources for High
Technology, USGS (2002)




Impact of stability on cost
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Metric Sets to Achieve the Utility Scale SunShot Goal

1s0-LCOE Curves of 6 cents per kWh Without Federal or State Incentives
and With 1,480 kWh/kW First-Year Performance
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R. Jones-Albertus, D. Feldman, R. Fu, K. Horowitz, and M. Woodhouse, "Technology Advances Needed for Photovoltaics to Achieve Widespread Grid Price Parity," US DOE
and NREL (http://energy.gov/sites/prod/files/2015/09/f26/NREL%20Paper%2009-16-15.pdf), 2015.
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« Conventional (inorganic) solar cells
— silicon
— II-Vs (multi-junction solar cells, GaAs, InGaP, InGaAs...)
— thin films




Silicon: some properties
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Silicon dominates de market
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PHOTOVOLTAICS REPORT (2017). Fraunhofer ISE.
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Monocrystalline and Multicrystalline modules
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Monocrystalline and Multicrystalline modules
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June 25, 1946. R. S. OHL 2,402,662
LIGHT-SENSITIVE ELECTRIC DEVICE
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1954 (6%)
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by Structure of 6% efficient salar cell in CF51 wafer
and diffused junction developed in 1954

Person, Chapin,
Fuller (Perlin, The
silicon solar cell
turns 50)




First advertisement
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1956 advisement of “Look magazine” (Perlin, The silicon solar cell turns 50)
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1958-1972 - 14 % “Space”

top metal finger antireflection
coating

(Source: M.A.Green, Chap 4 in Clean Energy from
Photovoltaics)

Vanguard | (1958)
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1972 — 15 % (Violet cell)

thin n-type
layer
Selective contact!

p* layer

(Source: M.A.Green, Chap 4 in Clean Energy from
Photovoltaics)




1974 — 18% (Black cell)
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surface

(Source: M.A.Green, Chap 4 in Clean Energy from
Photovoltaics)




Texturing
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Flat Silicon Substrate Textured Silicon Substrate

Source: PVEducation



1983 — 18% (Metal to insulator np junction - MINP cell) .»o.CA
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AR coating top contact
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Green, M. A,, Blakers, A. W., Shi, J., Keller, E. M., &
Wenham, S. R. (1984). 19.1% efficient silicon solar cell.

Applied Physics Letters, 44(12), 1163-1164.
UNSW
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1984 — 19% (Passivated emitter solar cell - PESC)

A.H’/ coating top contact
4 ‘B\Q\\ thjin Sio, layer \\,\\\:é‘
F it Tt 1T17 1

P

ATV IIIRIRRITRTHHRHIRTIHTIR
rear contact

() PESC cell

Green, M. A, Blakers, A. W., Shi, J., Keller, E. M., & Wenham, S.
R. (1984). 19.1% efficient silicon solar cell. Applied Physics
Letters, 44(12), 1163-1164.




1986 —

20 % (ug-PESC)
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UNSW

thin oxide
Pi
o .4 .
R P P PR i j;ﬂﬂ}r{ﬂffﬁﬂfﬂfffffﬁﬁm

back contact

FIG. 1. Schemaltic diagram of a microgrooved passivated emitter solar cell
(PESC). The cell double layer antireflection coating is not shown (not to
scale).

Blakers, A. W., & Green, M. A. (1986). 20% efficiency silicon solar
cells. Applied physics letters, 48(3), 215-217.




2009 — 25 % (Passivated emitter locally diffused PERL cell) po.CA
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n* LS oxide
o p-silicon ; +
P "rear contact p+ Mde. i

—-

Green, M. A. (2009). The path to 25% silicon solar cell
efficiency: History of silicon cell evolution. Progress in
Photovoltaics: Research and Applications, 17(3), 183-189.

UNSW
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1990 — 22 % (back contact, rear junction solar cell) pOL.CA
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R. Swanson & Sinton




Back contact, rear junction cell (commercial) po.CA
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SunPower Solar Cell

Lightly doped front diffusion
« Reduces recombinationloss  Texture + ARC

FRONT

BACK

/ Localized Contacts/ Passivatin
Backside Mimor o ces contact | SIO, layer -
* Reduces back light o ompinationloss /|  * Reduces surface
absorption & causes recombination loss
light trapping

Backside Gridlines

« Eliminates shadowing

« High-coverage metal

reduces resistance loss




Solar Cell Efficiency records (as in 2018)
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2014- 26 % HIT cell
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TCO =53 eV

aSi:H(p+)
Thickness= 10 nm

aSi:H(i)
Thickness=10 nm

¢Si(n) 1-5 Q-cm
Thickness= 100 um

aSi:H(i)
Thickness=10 nm

aSi:H(n+)
Thickness= 10 nm

Al

Passivation layer

\ Monocrystalline Si (Cz n-type, textured)

i-type a-Si\

p-type a-Si— <

— T . 4 T 4

/ l!,l I S S
Grid elecirodes

n-type a-Si

Panasonic

http://news.panasonic.com/global/press/data/2014/04/en140410-4/en140410-4.html



Thin-films: a:Si
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Hydrogen

atom

Dran III1-5 /
bond- !

A

= Silican
atom

G|EI.EE-

Transparunt_ .

conductor -

p-Layer-"
i-Layer="

n= Lay'er
Metal~

Hydrogenated amorphous silicon:
a-Si:H
Greater absorption (thinner cells)

Fabricated by CVD technology (RF
PECVD)

Degradation problems

Tunable bandgap (1,7 eV):
— with Ge, decreases (1.45 eV)
— with C,N increases (2 eV)

Possibility of tandem solar cells




Band diagram of a HIT cell
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Shen et al. Solar Energy 97:168-175



Thin-films: a:Si
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Hydrogen

atom

Dran III1-5 /
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Staebler—Wronski Effect
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Figure 12.4 The conversion efficiency in a-Si:H-based solar cells declines noticeably upon the
first exposure to sunlight. The figure illustrates this decline under a solar simulator (100 mW/cm?)
for a single-junction cell (260 nm i-layer thickness) and for a triple junction module made at United
Solar Ovonic [16, 17]; the dashed lines indicate the initial power measured for each device

E. A. Schiff, S.Hegedus and X. Deng, Chap. 12 in Handbook of photovoltaic Science and Engineering 2 ed
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« Conventional (inorganic) solar cells

— 1lI-Vs (multi-junction solar cells, GaAs, InGaP, InGaAs...)
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l1I-Vs: some properties

e Strong absorption

* Difficult to stack

 Work in the radiative limit 3

e Today driving market are e P-njuntion

space applications

Substrate: also a semiconductor!
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E. D. Jackson, "Areas for improvement of the solar energy converter," Trans. Conf. on the Use of Solar Energy, Tucson, 1955, University of Arizona Press, Tucson,
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Tandem cells: Limiting efficiency
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Tandem cells: conexidén en serie
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Multi-junction solar cells: lattice matched and methamorphic —
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challenges," ASME Journal of Solar Energy and Engineering, 2006.



Solar Cell Efficiency records (as in 2018)

POLITECNICA

Instituto de Energia Solar

46.0% |
44.4%

7-20

0717,

(Rev.

' . W=
@]
Best Research-Cell Efficiencies s« NIRKEL
52
Multijunclion Cells (2-terminal, monolithic) Thin-Film Technologies See https://www.nrel.gov/pv/assets/pdfs/cell_efficiency_explanatory_notes.pdf IM?dhasrgZx Soitec
LM = lattice malched © CIGS (concentrator) for key to company/laboratory/organization acronyms & abbreviations. Boeing- (MM, 302¢) ;
48 [~ MM =metamorphic ® CIGS Speocetlrtgab (4-J, 297%)
. ' ; SolarJunc [
IMM mverl.ed, mlelamorph\c O CdTe - - (LM, 364) hh 942)()‘ | [ FhG-ISE/ Saitec
'V Three-junction (concentrator) O Amorphous Si:H (stabilized) Spectrolab | FhG-ISE ™ Sp\reSem\con NREL
44 |~ 'Y Three-junction (non-concentrator) Emerging PV (MM, 299%) | (MM, 454%) ™ (MM 405x) =
A Two-junction (concentrator) . . . A NREL
A TwoJunclion {non-concentrator) o Dye—sen‘smzed cells N Boeing-Spectrolab  Boeing-Spectrolab Soitec”
juncl O Perovskite cells (not stabilized) (MM, 179%) ~__ (MM, 240x) / (4, 319%) (4-J, 327x)
| O] FOI.IH_UHCK!OH or more (concentrator) @ Organic cells (various types) ) . . NEL Solar:Juhc ' Boeing-
40 O Four-unction or more (non-concentrator) A Organic tandem cells NFTI?LEVLHMM) (WML (M418) - Spectrolab (&)
Single-Junction GaAs 4 Inorganic cells (CZTSSe) T ~Boeing-" . Sharp (IMM)
A Single arystal < Qua_ntumt dot cells Boging- Spectrolab  gparo (v ;
— various types \
36 A Concentrator ( ypes) - bSpeclroIah Bosing- NREL R A Sharp (IMM) . NREL (38.1x)
V' Thinfilm crystal ~ Spectrola Specronp  (MM) .o
NREL/ : p g
Crystalline Si Cells Japan  SPectroebd et Spectrolab | __,ee=* NREL (467x)  NREL( WA"G
—~ 32" & Single crystal (concentrator) Varian NREL  Energy SEE TES-UPM (1026x) FRGISE (117x) NREL_ __ 2ldge =
S W Single crystal (non-concentrator) (216%) NREL =T TCemeememmmm—mmmme—m————m——— - - PAH ‘ LG
O Multicrystalline Y - Radboud U. A unPower (large-area
~ arian - N .
>, L ® Silicon heterostructures (HIT) (205x) \ Varian N = Amonix - FhGISE A N =7Alta
& 87 v Thindim orysta TREL SO e m === (8) !;G
Stanford e m e o /o -l o = m———
c Kopin [ — e ————————
@ , (1400 \orian o e OREW Radboud U,
O 24 emmmmm—— UNsw UNSW
= IBM =" FhG-ISE Sanyo
E (T Watson D= === UNSW _ Stanford UNSW/  NREL Sanyo . S3VQ
Research Center) UN§‘W i Georgia  Eurosolare  (14x) ™
20 ARCO A Georgia  Georgia  Tech ISFH
Westing- Tech ech NREL NREL  NREL TR el N & |
g NREL  NREL
house NREL NREL U Stuttgart _, _FhGIISE 7] Solibro | Tring
Sandia NREL =<7 First Solar — GE  First SolarFron
16~ No. Carolina F\- d'-"" - Mat "‘h-l NRELV\ Solar GE
. . orida ‘™~ alsusnita —U Stuttgart . . T
Mobil State U. Solarex \ L UniSolar Mitsubishi NREL
Sg\g‘r e Boeing / NREL *Euro-CIS UniSolar UniSolar (aSicSimeSi).__ 5 !-'CCAS
12 — Bosing oy, Kodak Kodak ARCO ARCO ége,ng -0— Sharp E‘.ﬁ
‘ N\ AMETEK Pholon Energy Ph\lhps 66
Matsushita Boeing Boeing - ? U Toromo
Solarex ARCO . 4
8 U.of Maine Monosolar UniSolar R Eolarrperv - MIT U, Torent
/ Aonarka onarka
! %, U. Toront
U.of Maine Grommgeq\ U. Linz '(Phg[%nD?
4 4 > Siemens Plextromcs A Heliatek A
U. Dresden — /NREL
RCA (Zn0IPbS-QD)
0 | I [N T TN RN N Y NN Y Y N A A NN (NN (NN (N TN [N NN N [N Y N Y A N NN AN YN N MO NN M N |
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

L.L. Kazmerski, National Renewable Energy Laboratory (NREL), Golden, CO, September 2018



Inverted methamorphic

POLITECNICA

Instituto de Energia Solar

increasing
lattice mismatch
to GaAs

handle
| mount

Gayg g3lng 37AS Gayg g3lng.a7As
junction junction
(0.89 eV) (0.89 eV)

GalnP GalnP
grade grade

Gao 96an MAS Gao In As
998 0 .96'M0.04
junction junction
(1.34 eV) (1.34 eV)
AlGalnP AlGalnP

grade grade

Gay 51Ing.49P Gay 51Ing.49P
junction junction
(1.83 eV) (1.83 eV)

GaAs

substrate

(a) as grown

back

B — contact

front

= w W w u— contact

photons
f f f f/intocell

(b) processed cell

Figure 8.21 (a) Inverted metamorphic three-junction cell as grown. The tunnel-junction
interconnects are not shown. The drawing is not to scale. (b) Finished device structure after back-
contact deposition, handle mounting, substrate removal, and front-contact deposition

D. J. Friedman, J. M. Olson and Sarah Kurtz, Handbook of photovoltaic Science and Engineering 2 ed. (John Wiley & Sons, Chichester, 2004).



Solar Cell Efficiency records (as in 2018)

POLITECNICA

Instituto de Energia Solar

46.0% |
44.4%

7-20

0717,

(Rev.

' . W=
@]
Best Research-Cell Efficiencies s« NIRKEL
52
Multijunclion Cells (2-terminal, monolithic) Thin-Film Technologies See https://www.nrel.gov/pv/assets/pdfs/cell_efficiency_explanatory_notes.pdf IM?dhasrgZx Soitec
LM = lattice malched © CIGS (concentrator) for key to company/laboratory/organization acronyms & abbreviations. Boeing- (MM, 302¢) ;
48 [~ MM =metamorphic ® CIGS Speocetlrtgab (4-J, 297%)
. ' ; SolarJunc [
IMM mverl.ed, mlelamorph\c O CdTe - - (LM, 364) hh 942)()‘ | [ FhG-ISE/ Saitec
'V Three-junction (concentrator) O Amorphous Si:H (stabilized) Spectrolab | FhG-ISE ™ Sp\reSem\con NREL
44 |~ 'Y Three-junction (non-concentrator) Emerging PV (MM, 299%) | (MM, 454%) ™ (MM 405x) =
A Two-junction (concentrator) . . . A NREL
A TwoJunclion {non-concentrator) o Dye—sen‘smzed cells N Boeing-Spectrolab  Boeing-Spectrolab Soitec”
juncl O Perovskite cells (not stabilized) (MM, 179%) ~__ (MM, 240x) / (4, 319%) (4-J, 327x)
| O] FOI.IH_UHCK!OH or more (concentrator) @ Organic cells (various types) ) . . NEL Solar:Juhc ' Boeing-
40 O Four-unction or more (non-concentrator) A Organic tandem cells NFTI?LEVLHMM) (WML (M418) - Spectrolab (&)
Single-Junction GaAs 4 Inorganic cells (CZTSSe) T ~Boeing-" . Sharp (IMM)
A Single arystal < Qua_ntumt dot cells Boging- Spectrolab  gparo (v ;
— various types \
36 A Concentrator ( ypes) - bSpeclroIah Bosing- NREL R A Sharp (IMM) . NREL (38.1x)
V' Thinfilm crystal ~ Spectrola Specronp  (MM) .o
NREL/ : p g
Crystalline Si Cells Japan  SPectroebd et Spectrolab | __,ee=* NREL (467x)  NREL( WA"G
—~ 32" & Single crystal (concentrator) Varian NREL  Energy SEE TES-UPM (1026x) FRGISE (117x) NREL_ __ 2ldge =
S W Single crystal (non-concentrator) (216%) NREL =T TCemeememmmm—mmmme—m————m——— - - PAH ‘ LG
O Multicrystalline Y - Radboud U. A unPower (large-area
~ arian - N .
>, L ® Silicon heterostructures (HIT) (205x) \ Varian N = Amonix - FhGISE A N =7Alta
& 87 v Thindim orysta TREL SO e m === (8) !;G
Stanford e m e o /o -l o = m———
c Kopin [ — e ————————
@ , (1400 \orian o e OREW Radboud U,
O 24 emmmmm—— UNsw UNSW
= IBM =" FhG-ISE Sanyo
E (T Watson D= === UNSW _ Stanford UNSW/  NREL Sanyo . S3VQ
Research Center) UN§‘W i Georgia  Eurosolare  (14x) ™
20 ARCO A Georgia  Georgia  Tech ISFH
Westing- Tech ech NREL NREL  NREL TR el N & |
g NREL  NREL
house NREL NREL U Stuttgart _, _FhGIISE 7] Solibro | Tring
Sandia NREL =<7 First Solar — GE  First SolarFron
16~ No. Carolina F\- d'-"" - Mat "‘h-l NRELV\ Solar GE
. . orida ‘™~ alsusnita —U Stuttgart . . T
Mobil State U. Solarex \ L UniSolar Mitsubishi NREL
Sg\g‘r e Boeing / NREL *Euro-CIS UniSolar UniSolar (aSicSimeSi).__ 5 !-'CCAS
12 — Bosing oy, Kodak Kodak ARCO ARCO ége,ng -0— Sharp E‘.ﬁ
‘ N\ AMETEK Pholon Energy Ph\lhps 66
Matsushita Boeing Boeing - ? U Toromo
Solarex ARCO . 4
8 U.of Maine Monosolar UniSolar R Eolarrperv - MIT U, Torent
/ Aonarka onarka
! %, U. Toront
U.of Maine Grommgeq\ U. Linz '(Phg[%nD?
4 4 > Siemens Plextromcs A Heliatek A
U. Dresden — /NREL
RCA (Zn0IPbS-QD)
0 | I [N T TN RN N Y NN Y Y N A A NN (NN (NN (N TN [N NN N [N Y N Y A N NN AN YN N MO NN M N |
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

L.L. Kazmerski, National Renewable Energy Laboratory (NREL), Golden, CO, September 2018



Wafer bonding

POLITECNICA

Instituto de Energia Solar

AlGainP 1.9 eV

GaAs1.4eV

A
GalnAsP 1.1 eV

GalnAs 0.7 eV

Bonding

AlGalnP 1.9 eV

AlGainP 1.9 eV

GaAs 1.4 eV

GaAs 1.4 eV

Ge 0.7eV

GalnAs 1.1 eV
000

Ga(In)(As)Sb
0.5-0.7 eV

F. Dimroth et al., “Four-Junction Wafer-Bonded Concentrator Solar Cells,” IEEE J. Photovolt. 6, pp.343, 2016
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Tandem cells: independent conexion
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Series vs independent
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Tandem cells: spectrum splitting
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L.L. Kazmerski, National Renewable Energy Laboratory (NREL), Golden, CO, September 2018
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* Strong absorption coefficient
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Figure 14.1 Theoretical solar cell efficiency (dotted) for AM1.5 spectral irradiance versus bandgap
and absorption coefficient (solid) versus energy. Common absorber materials are highlighted

Brian E. McCandless and James R. Sites, Handbook of
photovoltaic Science and Engineering 2 ed. (John Wiley &
Sons, Chichester, 2004).




Thin film properties

Instituto de Energia Solar

. . . 5pm «— Gl
* Strong absorption coefficient SRR
. . : - TCO and Buffer Layer(s)
* Deposited as polycrystalline (Generally 2000-4000A)
materials on cheap substrates ain
* Second in the market after silicon
CdTe Layer

Generally ¥2-4 um

Back Contact
Interface Layer(s)
Outer Metalization Layers
(Not Shown)

Figure 3.1 SEM micrograph showing cross section of CdS/CdTe superstrate device
produced at NREL. Certain layers have been color-enhanced for clarity.

T. Gessert, B. McCandless and
C. Ferekides in A. J. Nozik, G. Conibeer, and M. C. Beard,

Advanced Concepts in Photovoltaics: Royal Society of
Chemistry, 2014.
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Figure 2: Band diagram of TCO/CdS/CdTe cell without electron reflector layer.

http://www.hindawi.com/journals/ijp/2013/576952/fig2/




(.)
S

“AE®
POLITECNICA

Instituto de Energia Solar

TCO: Transparent conductive oxide

ITO: Indium Tin Oxide, 4 eV

From Wikipedia
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Cu(InGa)Se2

Current

/ collection grid \

HR-Zn0/ZnO:Al (0.5 j.m)

................................................................

CdS (0.05 um)

Mo (0.5 pem)

Soda lime glass substrate

Figure 13.1 Schematic cross-section of a typical Cu(InGa)Se, solar cell

W.N. Shafarman, S. Siebentritt, L.Stolt, Handbook of photovoltaic Science and Engineering 2 ed. (John Wiley & Sons, Chichester, 2004).
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Figure 13.2 TEM cross-section of a Cu(InGa)Se; solar cell

W.N. Shafarman, S. Siebentritt, L.Stolt, Handbook of photovoltaic Science and Engineering 2 ed. (John Wiley & Sons, Chichester, 2004).
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ZnO CdS Cu(InGa)Se,
E;=32eV Ej=2.4eV Eg=1.2eV

surface

Figure 13.18 Band diagram of a ZnO/CdS/Cu(InGa)Se, device at OV in the dark. The recom-
bination current Jrgc is greatest where p = n in the space charge region of the Cu(InGa)Se; and
not at the interface. A Cu-poor surface layer is shown by a dashed line

W.N. Shafarman, S. Siebentritt, L.Stolt, Handbook of photovoltaic Science and Engineering 2 ed. (John Wiley & Sons, Chichester, 2004).
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Fig.3. Variation of energy band gap, E, with gallium
concentration in CuGa,In, . Se; films

Ternary and Multinary Compounds: Proceedings of the 11th International ... editado por R.D Tomlinson,A.E Hill,R.D Pilkington



CTZS: Cupper Zinc Tin Sulphide (kesterites)
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From Wikipedia
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