4

¥ “Solar Park”-31 MW farm in-Les Mees/France (2011)
6 solar PV plants (Ecor DdaDéveloppEment, EDD)

|

112,000 solar modules on 70 hectars.
Inverters: low- and medium-voltage components/ DC-AC
fransformers. Siemens responsible for the civil works and
fucture, performs maintenance on power plants.
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Agenda: RenE Solar PV Energy Conversion

e Intro: Solar insolation, power density, solar emission spectrum
o Utility size(solar farms) & residential PV arrays

e Silicon solar photo-voltaic (PV) technology
- Semiconductor band structure, gap, junctions
— Charge carriers in n-type and p-type semiconductors
— Photocell operation, efficiency
— Silicon wafer, cell manufacture
— Materials and emissions in construction



Diode

p-n Junction

I tech

Depletion Layer

n-Si

Cross diffusion of e~ and h* in
junction zone 2 recombination
& Potential E diffusion barrier
B(Si)=0.7eV =

Depletion Layer (DL):
has no free charge carriers

p-Si

Depletion Layer

n-Si

=
530

<0 O
L,O° ©

Reverse Bias
-|r+

Forward bias U = +0.7V (@Si)
reduces barrier & width of DL:
n-Si electrons move through
p-Si part 2 ="“short circuit”

Reverse bias U < 0V increases
barrier & width of DL: n-Si
electrons are repelled from DL
through = =“open circuit”

||U

U<ov

| .., <0A
Break-Through tech ”




Semiconductor Junction Diodes

Forward: normal I, =-I;ech « NP
across junction due to thermal->
No Bias applied > 1 = 0

Applied forward bias lowers barrier
> I # 0, increases. Opto-induced
current in opposite direction

Applied reverse bias: smaller p>n
reverse e current due to thermal
transitions over higher barrier. >

Forward bias lowers barrier Diode Characteristic
Iy Normal Dark Currenttunneling ~ I_,,
Diode Characteristic — in normal n — p (diode conduction) direction
External bias —
~ ; . +eV/kT
3 V =V, —induced : I (V)= I, -{e*"" -1}

ideal

Y

Ambient T: kT =25 meV @ T =293K

0.6V 174
ﬂcvcrsc bias Forward bias Elementar y char ge ¢,
"Saturation"("dark", "field") current I_,




Semiconductor Junction Diode

In asymmetric junction zone, no free charge carriers (e~ or holes) >
Depletion Zone. Extra + charges in n-region - e- have lower energy
(more strongly bound). Equivalent to effective barrier preventing
additional migration of charges=> charge-free zone (except thermal e
flow to left) But photo excitons - photo electrons go to the right >
photo holes go to the left < !

Open
circuit

§5(Si)=1.1eV
hc 1.24eV

e e

um

— e — hole excitation
if| 1 < A

extra e” E, dissipates




Cell Equivalent Electronic Circuits

Ohm’s Law: I, can be measured @ R4 2 scan by changing R,.4

I A I, _ .
cell Dark A Br|ght L|ght
—— :I|> -
Isat‘ Icell Isat ‘ Ice//

> Photo- R >
Vce// Diode _v_ o Vce// ———J Vce// C)Iﬁght _! Rlo Vcell

! !

— . — .
Dark: normal diode functions, y Bright: total cell current= saturation -

“saturation” dark current, R, 4~ > light induced currents - sign reversed

ey @
I cell B I A

cell
— Light Brighter Light
_.._ll ’ _.._ll
h - Isat‘ Ice// - Isat“ Icell

\Vce// C) I/ight _v_ Rlo Vce// Vce// C) I/ight _! Rlo Vce//

— ] 1 —

y Convention: define cell current >0 Brighter: increased light component >

total cell current more negative <0

<By Convention |




Observables in Photocell Operation

Observables: V., I
cellr “cell Light sensitive (solar) cell

mode of operation

Metal contact

Ohm's Law I_, = ce/// R vad

"Thermal voltage" — I_,

n' layer 0.3 um
V,, = kT/e =25mV

p layer 300 pem

p*layer 0.5 um al contac
Metal contact | T dependence on Rload

* indicates extra doping, lower resistance.

Photon hv produces e-/hole pair in p domain & DZ >
- inverse current of electrons (holes equivalent)

Ve /KT _ I::}
Icell = IL/ght o Isat ) {e o Vean T 1} - nght Ti/
Rioad Tcen /Ve
:ILight o Isat ) {e o leenlVn 1}
R,,.. = «© (open circuit): I, —» 0, V., =V,

V . V . Lp|1 4 Ztight IL/ght V Ln IL/ght VOC = (Vce//)max
I I E> Io..>1I_

sat sat Light

Forward bias lowers barrier RLoad =0 (ShOI‘t CiI‘CUit) . IceII = Isc = ILight




Cell Power Characteristic

Cell Current-Voltage Characteristic

= I sc IL/g ht

= Short Circuit Current (R .4 = 0) max
= 10 Vel
é 2 iy o =
g 0.8 -
S ] P
B ol Area—PmaX .
< ;
£ 0.4 :
- Power B (\/ce//)
B s
= 0.2 ':
© — h

0 4 T T T T T l y Wl

0.2 0.4 0.6
Vsc Voltage V. Voc
V)

Typical nominal values: I, = 1mA,

Isa t—

Power P.,generated by illuminating
cell, scan by varying light intens. or Rjy.4

(RLoad « Rdiode) > (RLoad > Rdiode)

Rise and fall between short-circuit (SC)
(Ve = 0) and open circuit (I = 0).

Between above limits, power evolution :
})cell ] I/cell

cell
])cell = 12 load (Ohm's LCZW)

cell

Current I, and power P, decrease
with decreasing light intensity.

1012 A, Vo= 0.66V,

Actual P, < P,,=0.58 mW, V., =< V,=0.58V >const I, < I,,=1I..=0.95 mA

"Fill Factor": FF = Pmax/(lsc 'Voc)

Deduce

—> P

max

from {ISC , VOC}

=FF -1, -V,

FF=Ratio of area under power curve to
limiting rectangle> measure of steepness
(ideal) of diode I-V characteristic.




Example

Given: 1-cm? photocell with saturation current

- | I..= 2-101°A and short-circuit current I_.= 30mA.

Rioa
L calculate the expected maximum power output P,
; + and the load resistance R, .4 required for max power.
Cell
Thermal voltage R =0 (short circuit): I =1, =30mA
V, = kT /e = 25mV Thermal V,, =0.025V, I_, =2- 1072 A
Ohm's Law I 30-10°A
VOC ~ \/th : Ln|: Light :| = 0.025V . Ln|:210—12/4
Veer = Lcen * Rivad sat
V- = 0.59V
Iy (Vce/l) - ILight — Loy {e VeanlVon _ 1} Ve @nd I can be chosen
independently via light int. and R4
=30mA+2-102A-{1—e “w/002V]
—> Py (Veey) = Iy -Voy  — search (numerically) for V_, =V,
for WhICh Pcell = Pmax - RLoad = Yeelr /Icel/ Choose this RLoad to maximize

p output power

max

insolation power

Efficiency —» &=



Thermal Currents in Semi-Conductors

& Conduction Band
e
SC Wy
& € --4-------

—& Valence Band

& &
] — — G G

2 1 2
100 [1roo 2282

h*:f,(¢) = {1 +exp (%}9};/2}}1

Small gaps ¢; (Ge) > large
thermal currents.
Reduce by cooling, if possible.

Principle of conversion light - electricity

with solar cells reli
conductor properti

es on near-perfect semi-
es: full VB, empty CB.

Fermion statistics for e, ht:

ne(g):c-\/;-fe(g)
ny(e)=c- e -, ()

n,=n, KI<e¢ —

f,(s) = {1 " exp(gl; F

-1
£ N _8+8G/2
=

<n§> = n,ny, = c? .<g>.exp(_i_€;~_]

Fermi Gas Pafameters :
c=2m)" v [2x*n

V :=volume, m = mass

2/3

&
(1) s = o502 |

oc I, oc conductivity at T

|:> High T reduces power output



Limits to Power Conversion Efficiency

2500
— Top of asmonphaere
Surtace (= 60%)
2000 +
Raylegh scattening
3
,.:moo- PV_
z Thermal
3
1000 4
: = wo
j 7,
21 /
M
0 4 e
15 2 25 3 35 4 45 5
Waveiength (um)

Useful incoming photon
power density (j=I/area):

J, =C-Tn7(8)-8-d8:
0

To excite e-h pairs in Si, photons need
&Y > SG or }\,,Y < A’G - 1.1 H- bef: 8G=e'VG
- Useful for Si: ®75% of the insolation spectrum.

Number density of high-energy photons (#/m?:s-eV)
governed by Planck’s (BB) radiation law (BE statistics)

kT

1
n, (gy) =c-& f, (gy); f, (87) = {exp(‘g—y] - 1} Boson statistics

C (solid angle of acceptance for sunlight)> Useful #y=

B 3% g2de other y's are
N, :c.g{; n, (&) -de=c-(kT) SIGW for area A not absorbed

Photo-electric current density j,,, = e-N, (one e per

photon). Maximum possible cell power density (cm=2)

jmax= gG'Ny = VG' j/ight =VG' jsc

gde 15¢ ; T gde
V4 : l:eé‘_l]
15¢ J(g_GI i Relation jy. € &5 &

T = Jou R ], incoming photon
e (Egﬁ4 kT power density

. 37
\ﬁgyﬁize-Ny =c-e-(kT)

) —_—
1
a
o™
|
p—
L1
|
S
N
=~
~

=j sC




Cell Efficiency ¢; Dependence

max

Calculate P with |:> B =FF -Ig -V

w_: Short Circuit Current Density
Approximate linear (jg. = 1./Si cell area)

15¢ \(&.) -%«
YR < | .e~A-B-V
.]sc ]y (EGﬂAJ(ij G

Voc = Vi, - LN [ISC /Isat:| =V -Ln [jsc /jsat:|

Jsc (mA cm™?)

] . e - (Dark) current from n-Si — p-Si
0 I]III]lll[llllillllll[lll]llll]l]llll]l jsatzjo.exp(_gG/sz) BO/thannFaCtor

0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 24
gs (€V) =eVq j,~2-10°mA/cm*  ~ typical
- j..(ec =1.1eV) ~ 10° mA [ cm?

I
Ve =V, -Ln| ==e™/T | =v_—V, -Ln L/ N V.. =~ V. - 0.5V empirical
IO ISC
— P, ~FF-(A=B-V,)-(V,—0.5V) Empirical formula,(V;=¢]e).
I -V
FF=08—>P,  ~25mAlcm’, — |Efficiency ¢(&; )= % < 0.35(Shockley — Queisser)
]y ’ reacell

more typical £ =(17—-20)%



Shockley-Queisser Cell Efficiency

€ S| GaAs Dependence of solar cell maximum
| ~\ CdTe efficiency dependence on band gap
0.3} \\PSC energy. Max power transfer depends on

energy gap gg.

0.2 Often used (much more economic)
amorphous Si: gg~(1.3-1.7 eV),
Lower efficiency ¢ = (12-13)%

Y1) S A——
0 1 - 3 Power Conversion Efficiency PCE
£, leV K R —— —
Shockley-Queisser Limit

. . . Black Body Limi
Actual (measured) single-junction solar é

cell power conversion efficiency for 5%
different semiconductor materials.

Theoretical S-Q limit calculated with

single-crystal Si material, “1-Sun, A1.5 a2 i

standard”, radiative recombination . " Ge

GaAs slightly better than Si but involves 5%

more fabrication steps, perovskite (PSC). 05 1 15 2 25

Semconductor band oo - Ecctronvolls



New R&D: Bifacial PV Cells

Rear cover glass
Bifacial solar cells

Front cover glass

Z

" Reflected
- direct sunlight

Sunlight to

module front Diffuse

sunlight

o

Reflected
diffuse
sunlight

Ground

Reflected sunlight has same frequency as incoming light.

Study determined that two-sided, sun-tracking panels produce an average of
35% more energy than immobile single-panel systems and that they are 16%
more cost-efficient.

That holds true even when accounting for changes in weather conditions.



New R&D: Multi-Junction Cells

Top n
Ex Multi-junction
e cells are stacks of
% different S
fom semiconductors, [ 0
2 ore- ) ,
s differential Middle Junction S
g absorbers of GaAs 1.3-1.4eV
o sequential parts & s
o of the spectrum. [ lunnelJunctions

Bottom Contact

Efficiency of Multi-Junction Cells

65
« B
60 < .
g
55 &
25 ?
z
b
& 45 e G sefies connected cets
The maximum efficiency for a two junction = 9 oneontened
tandem under the AM1.5G spectrum and without 4or
concentration is 47 %. At the peak efficiency the
top cell has a band gap of 1.63 eV and the b
bottom cell has a band gap of 0.96 eV. Adding /
1 2 3

more layers makes less and less difference > P 5 6 7 8
saturation of efficiency 62.5%. Sormbis.of tindguns



Cell De5|gns in R&D

VAC NHE e,
1 (eV) (V)
TCO — ”;;’" Dye sensitized solar cells:
35 1 1.0 20-nm, dye-coated TiO,
R nanoparticles in electrolyte.
< :: \ 4.0 4 -0.5
" / q astoo [ T hv > dye- e h, e>TiO, CB
0 — -
5.0 + 0.5 s o . )
) _['f Electrolyte ion- donates e-
Glass— T R v o and fills dye-h
_I_ 6.0+ 15
Nanocrystalline Electrolyte ~ Counter a:%e Shthoce
TiO, electrode
CPV Cell
Primary
Mirror

Secondary
Mirror

/

- | Si cells = save
S — ! material,
- - & increase cell
.'c ‘ ‘~‘ '.‘ > ‘9 ‘1“‘ v‘. o 4
e e e e AL ¢ Wy » ;Vo-‘v.\.

. erwmy -m‘\-.‘\ ..‘V. ey A e
\.\‘.\.\ By v ‘\ »NR > GAY & WA » ‘
iR Y \\

Optical Rod

!o Q\vonp \- WAy v W

AAY » N
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Thin-Film PV Solar Cells: CIGS

The ZSW institute’s building in Stuttgart-
Vaihingen has a facade with CIGS panels.

Nano-particles embedded in plastic.

2019: CIGS (Copper, Indium, Gallium and Selenium) p-type CulnGaSe,
joined with n-type CdS, plus contacts. & high cell efficiencies PCE in thin
film PV technologies, (23.4% one cell, 17.5% on module).

CIGS has also been deployed in ultra-high efficiency tandem cells, potential
to achieve 30% efficiency.

Future efficiency development via band-gap tuning: Perovskite/CIGS tandem



Perovskite Solar Cells (Heterojunction PSL)

CaTiO; Mineral

h-selective

Perovskite

e-selective

Substrate I
(Glass)

ABX5 perovskite semiconductors:
Cations A & B, A= Methylammonium (MA)

B= metal (Pb, Sn), X=Halide (Cl, Br, I)

R&D priorities: Light absorbance, exciton
lifetime, diffusion length, stability, ease of
fabrication, versatility, environment, marketing.

Thin-Film Fabrication Methods

&

-«

a) Spin coating

d) Slot-die coating

¢) inkjet printing




Thin-Film Perovskite Solar Cells

Printed silver grids
Carbon electrode

P3HT HTL
HTAB interlayer
FAsssMA: =Pbl:
SnOz NPs ETL

Transparent electrode
Flexible PET substrate

Roll-to-roll-produced
flexible perovskite PV module

Reverse gravure coating ‘

Screen printing

Slot-die coating

Roll-to-roll production of perovskite PV modules
using only industrial fabrication technigues



Ongoing R&D: Efficiencies of Solar Cells

Standard with conventional processes: flat-panel multi-crystalline cells (240-250)W, e < 20%.

Best Research-Cell Efficiencies T+NREL

Cell Efficiency (%)

52
IV Multijunction Cells Thin-Film Technologies Hybrid Tandems (2-lerminal) ;
8- (2-ferminal, monalithic) © CIGS [concenirator) A Perouskite!Si Arr [
LM = Iotios mched ® CIGS A Porouskitalerganic PRyl gl (#héesnl L 47.6%1\
WA = clamorphic O Cefe D PeronskiteiCIGS rred B
MM = inverted, metamorphic O Amorphous SiH (statiized) o VS ¢ g
441~ 'V Two, three- and four{unction (conoentralor)  Emerging PV
¥ Three-junction or more (non-concantrator) O Dye-sensized cells
A Twe-junction (non-concantrator) O Perovskite cels
S . @ Crganic cells
40 SAMBM :ncz‘n oot A Crgan'c tandem cells
2 @ C7TSSe el
7 Thind °sh| O Quantum dot cells
6 e © Perovskile tandem cells
Crystalline S Cells
B Single crystal (concentrator)
W Singla crystal (non-conosnlrator) L)
321 O Mulicrystatio ad o Y
@ Silioon hateroslruchures (HIT) ) il —
V' Thindiim crystal ey
28 i okl o o o o o = o] e (927) T‘?":“J""
a----. \
----- ---_-----'-'---"--:,------ \
8-
2
16
12}
8 -
Ue
4=
01 g | | O O L T | ] P B N A S M N M A
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

Mainstay Si cell production ”




Trends in Commercial PV Price/Performance

50 |l"[ll"llllI]"['T'l'l“"lIIV'Y]I‘VV"'I“IIIY
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E _ ) gV
¢ [ G3 2013 :
U 9ok [ - sc-Si (nype) e 2009
E 7l b
) G2 k._ me-Si i
10+ ) T 55
0.....1...,|...An....l....1...1I....I.A..I....l..IJ.
0 100 200 300 400 500
Price per area [$/m?]

PV module efficiency and price per area (period 2009-2013).Conventional
generations: G1 in red, G2 in green, and G3 in blue.

Current G1 and G2 modules cluster near the region originally defined as G2.



Agenda: RenE Solar PV Energy Conversion

e Silicon solar photo-voltaic (PV) technology

— Silicon wafer, cell manufacture
— Materials and emissions in construction



Agenda

Intro

Solar insolation, power density, solar emission spectrum
Utility size(solar farms) & residential PV arrays

Silicon solar photo-voltaic (PV) technology

— Semiconductor band structure, gap, junctions

— Charge carriers in n-type and p-type semiconductors
— Photocell operation, efficiency

— Silicon wafer, cell manufacture

— Materials and emissions in construction

US installations and performance, system cost and incentives
Solar power strategic issues
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