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Renewable power capacity is set
to expand by 50% between 2019
and 2024, led by solar PV
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Solar cells: discovery

SIMPLE AND EFFICIENT—Thc Bell Solar Battery is wade of thin, specally treitad stops of silicon, an mgre
dient af common sand. It needs no fuel other than the light from sumn it Saee it has no woving
parts and nothing s consomad or destrayed, the Bell Solar Battery shonll theoretically last i |.~.unl;

New Bell Solar Battery Converts Sun’s Rays Into Electricity

Though much development remains w0 be
done, this new battery gives a glimpse of future

Bell Telephone Laboratories demonstrote

new device for using power from the sun
progress in many ficlds. Its use with ransistors

also invented at Bell Laboratories) offers m y
opportunitics for improvements and cconomies in
telephone service.

Scientists have Jong reached for the secret of
the sun,  For they have known thae it sends us
nearly as much energy daily as is contained in

all konown reserves of coal, oil and uranium,

If this energy coukd be put 1o use there would
be enough 1o tumn every wheel and light cvery
er need.

A small Bell Solar Battery hos shown that

wires and

operate Jow-power radio transmitters. Made
cover a square vard. it can deliver enougl

it cun send voices over te

Lamp that mankind would

Now the dream of the ages is closer to reali
zation. For out of the Bell Telephone Labora
torics has come the Bell Solar Battery—g de Great benehits for
vice 1 convert en From the sun directly and mankind will come from th
harnessing the limitless power of the sun,

ower

from the sun to light an ordinary readi mp.

shone users and for all
ard step in

cfficiently into usable amounts of electricity,

BELL TELEPHONE SYSTEM

The Bl Solsr Buttery
A sywre yard of the m
siflcom wafers tures g
into 50 wetts of eleviricity

The battory’s 6% efcivny
wppronches tht of gumbine oml
seam omgloes and il in
Increased.  Theoryticully e
Btery wlll necer wenr ot

18 b Tl thve owrly
cxperisoental soze

Bell Laboratorfes scientists have ereated the Hell Salar
Battery. 1t marks a big step forward in coaverting the sun'’s nergy
directly and efficiently into nsable amounts of clectricity. It is made
of highly purified silican, which cemes from sand, one of the com-
monest materials on earth.

The battery grew out of the same long-range research at
Bell Laborntories that created the transistor—a pea-sized amplifier
originally made of the semikonductor gemmnium. Rescarch into
semiconductors pointed to silicon as a solar energy converter, Trans.
stor-inspired techniques developed a silicon wafer with unigque

properties,

The silicon wafers can turn sunlight into eloctricity to
operate low-power mobile telephones, and chirge storage batteries
in remote places for rural telephone service. These are but two of
the many applications foreseen for telephony.

Thus, again fundamental research at Bell Telephone Labo-
ratories paves the way for still better low-cost telephone service.

of the Boll Solar Battery, left 1o
right, G. L. Pearson, D, M. Chepin asd C. 5.
Fuller — cheoking silicon wafenn on which &
deger of boron less them 1710000 of an inch
llllu\ hay beem eknulud The boron forms
@ “pen jemction” in the siioon, Action of Night
on Junction excldder cwrrost fow.,

‘Oi BELL TELEPHONE LABRORATORIES
Y INFROVING TILEPMENE SEKWICE FOR AMERICA PROVIBES CAREERS FOR CRIATIVE WEN M SCIENTINE AND TECHWCAL 11105

25 April 1954, Bell Labs (Daryl Chapin, Calvin Fuller and Gerald Pearson)



Cell Efficiency (%)

Progress in efficiency of SCs
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Inorganic and hybrid SCs



Intrinsic and doped silicon
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Silicon modifications
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Silicon modifications

Single crystal (c-Si)

* High costs
* High efficiency (> 25% of PCE)

* Long-term stability (> 25 years)

* High total embodied energy
(required to produce)

Polycrystalline (pc-Si)

«  Still high efficiency — 21.3% * Not as efficient as c-Si cells

* Module efficiencies 14-16% e Still expensive

 Cheaper and easier to produce * High total embodied energy
 Long-term stability (> 25 years) * Non-uniform visual appearance
Amorphous (a-Si) i

a-Si has a direct bandgap * Low PCE of 10.2%

* Low stability

Lower total embodied energy

Cheaper and easier to produce * Production was abandoned
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Metal chalcogenides

Cu(In,Ga)Se, (CIGS)

Copper Indium
Gallium Selenide
(CIGS)

High efficiency (> 21%)

Easy thin-film production technology

Thin film CdTe

High efficiency (= 20 %)
Easy thin-film production technology

The lowest cost per watt of energy

\m. IT0 - 2500A
N

> Cds—700A
CIBS-1-25um °

Complex material composition
e (chalcogen loss)
* Low abundance of In

* Toxicity of Cd (if used) and Se

Cadmium
Telluride ‘

(CdTe) - Glass
$n0,Cd,Sn0, -
0.2-0.5ym

3 ~ 4

. ™ CdS— 600-2000A
: CdTe - 2-gym
C-Paste with
Cu or Metals

e Low abundance of Te
* Toxicity of Cd




Quantum dots

controlled by the size
of the “dot”

CdSe Particle Diameter Spectral Characteristics of Quantum Dots
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Quantum dots + conjugated polymers

Table 1

Photoconversion efficiencies of bulk heterojunction devices composed of
CdSe nanocrystals and various hole conducting polymers.

Nanocrystals Polymers Eff. (%)  References

CdSe dots P3HT 18 Olson et al. (2010)

CdSe dots P3HT 20 Zhou et al. (2010)

CdSe dots P3HT 26 Sun and Greenham (2006)
CdSe tetrapods APFO-3 24 Wang et al. (2006)

CdSe tetrapods  PCPDTBT 3. Dayal et al. (2010b)

Polymer/QD

S. Emin et al. / Solar Energy 85 (2011) 1264-1282
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Organic SCs



Progress in efficiency of OSCs

10.8%-11.7%
2014-2016,
H. Yan

PFBTAT NFA
PTB7  a

5.5% FA
62307' PCPDTBT
.bdzan FA
3.5%
2003, PIHT
N. Sariciftci FA
MDMO-PPV
FA
\ 4Hg™ "CoHs CZH5{
MDMO-pPy  P3HT =% ™% p1p7 b pDTB-EF-T

CuPc, PV 13



Advantages of organic solar cells

* Processability (roll-to-roll production) | e

Feasibility of industrial fabrication of solar cells using R2R
compatible techniques (slot-die coating, spray-coating, inkjet

printing etc.)

* Flexibility
The flexible printed solar cells are available in different sizes and
shapes. The devices can be stretchable

 Color-tunable devices

Organic solar cells are available in different colors and can be
semitransparent that is important for BIPV

* Low cost and environment-friendly materials -—@




Operating principle of OSCs

Channel I

Lumo & | b
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Cathode Cathode
Exciton generation Generation of free
& Exciton diffusion charge carriers

Charge transport
to the electrodes

D - donor material
A - acceptor material
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Structure of OSCs

Top electrode Metals: AI, Ag, Au
ETL ETL — electron transporting (hole blocking) layer
Active layer p-type (donor) and n-type (acceptor) molecules
HTL HTL — hole transporting (electron blocking) layer
Bottom electrode Transparent conductive oxides (ITO, FTO)
Substrate Substrate: glass, plastics (PET, PEN)
CgH17
C1oH24
OsN._O / S
e
O” N O
[70]PCBM C1oHo
n-type 1 11?_'17 E-Ztyzfgg

BDT-T3 (p-type)



Planar structure of OSCs

Top electrode (Au/Ag)

Acceptor (PV)
Donor (CuPc)

Bottom electrode NN p-type and n-type
(Sn-doped In,0;) - : :
i ! semiconductors are sequentially
B (glass) ‘g § stacked on top of each other
C.W. Tang, Appl/ Phys. Lett. 1986, 48, 183 CuPc (p-type)

* Exciton lifetimes of organic semiconductors are short (diffusion length ~ 5-20 nm)

* Only excitons created within the distance of 5-20 nm from the heterojunction
interface contribute to the current generation

e Loss of absorbed photons results in low quantum efficiency and power conversion
efficiency

17



Bulk heterojunction OSCs

Top electrode

Active Layer

Bottom electrode

Substrate

and materials are mixed together to form a bicontinuous
interpenetrating network

* Increased interfacial area between donor and acceptor leads to the efficient
exciton dissociation and increasing of PCE

18



Planar structure of OSCs

Standard configuration Inverted configuration
Cathode Anode
polarity of
Electron transport layer charge Hole transport layer
: collection is
Active layer Qersey Active layer
Hole transport layer Electron transport layer
Anode Cathode
ITO - anode ITO - cathode
* Cathode: low work-function metals (Ca, Mg) « Cathode: ITO, FTO

* ETL: some fullerene derivatives
* Anode: high work-function transparent

conducting metal oxide ITO, FTO * Anode: high work-function metals (Ag, Au)
/N
+ HTL: PEDOT:PSS JI§] 54 , graphene oxide e HTL: V,0,, MoO,, WO,, NiO

K. Wang et al., Chem. Soc. Rev., 2016, 45, 2937-2975 19

* ETL: Zn0, TiO,, Cs,CO; CsF



Main parameters of SCs

(Voe X Jsc X FF)

PCE =
Pin
FF — (Vmax X Jmax)
(VOC X 'ISC)

0.4 -02 00 02 04 06 0.8 1.0
Voltage (V)
Ve - open circuit voltage, Jg - short circuit current density
FF - fill factor, PCE — power conversion efficiency

Jax and V., are the current density and voltage at the maximum power point (P
P

m ax)

in- theincident light power 20



Open circuit voltage (V, )

LUMO

D The maximal achievable V. in
Egap organic solar cells is proportional to

the energy offset between the
HOMO energy of the donor material

HOMO and the LUMO energy of the
acceptor
Donor Acceptor

AE, and AE, — “driving force” for efficient exciton splitting and charge separation
(>0.3 eV)

For fullerene-polymer system, AE_ should be = 0.3 eV

For non-fullerene-polymer, AE_ can be = 0.05 eV

21



Open circuit voltage (V, )

The Coulombically bound electron—hole
state at the donor/acceptor interface is
known as charge-transfer (CT) state

EgT - binding energy of CT state

EII;X - singlet exciton binding
energy
q - the elementary

charge

EST - a band gap of the
charge transfer (CT)
state

Donor Acceptor

Voclexp) = EST /q—0.43,V

22



Open circuit voltage (V, )

Radiationless
decay
B BT J . hc? kT /
oc — €T+ _ln( : l ) +_ln(EQEEL).
g q \fq2mw(Ecr—\) q

E.r—energy of the CT - CT absorption EQE;, ~10°
state, strength,

~[HOMO(D)-LUMO(A)] ~ density of DA pairs;

~ DA coupling

Empirical formula:

23



Open circuit voltage (V, )

Defect States
. And
Density Crystallinity

Carrier

Electrode
Work
function

Morphology

Light
Intensity

D/A

Interface
Area
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Short current density (J, )

~ 16 5e+18
§ 14 - — lrradiance -
0_4- 1.2 - Number of photons - 4e+18 =
E =
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= 02 h =
3
Z 00 . e e=.aees N

1000 3000 4000

Wav elength (nm)

Sun irradiance (red) and number of photons (black) as a function of wavelength

The maximal achievable J. in organic solar cells depends on number of photons
absorbed in active layer of organic solar cell
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Short current density (J, )
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To efficiently harvest solar energy, the absorption spectra of OSCs should have a large

overlap with the solar spectrum

Low bandgap polymers with broad absorption spectrum are required to maximize the

Jsc in OSCs
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Short current density (J, )

9 Ll/J\MO E Raa: NSy R R NN
¢\ L, = \
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R R

ED P1: X=Ge, R=2-ethylhexyl P2: R=CgH
gap g7
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Donor Acceptor P3:R=2-ethylhexyl
E,eV  Ji, mA/cm> HOMO, eV  V,, mV

P1 1.3 17.6 -4.9 590

P2 1.7 12.6 5.3 830

P3 19 ¢ 9.3 5.4 910

Increase in Js. in OSCs compromises V., so an optimal balance needs to be found

Z. Fei etal., J. Mater. Chem., 2011, 21, 16257-16263;
C.-Y. Chang et al., Adv. Mater. 2012, 24, 549-553;
Z. Li et al., Macromolecules 2014, 47, 21, 7407-7415;
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Quantum efficiency

N(col. electr.), .
EQE;-L'lp(:El' N( inc. phOtDnS)l 100% ‘I‘hde nran:;l r:spctmse IS
reduced aue 1o rear

surface recombination,
reduced absorption at

Blue response is reduced

due to front surface recombination. long wavelengths and
l low diffusion lengths.
1.0 x \ Ideal quantum
efficiency

)

c e

@

.a!-:E A reduction of the overall QE is

w caused by reflection and a low

E diffusion length. No light is absorbed
E below the band gap
3 so the QE is zero at
= long, wavelengths

5

*

w

>
W, _ hc  wavelength

W Eg
The quantum efficiency of a silicon solar cell.

Quantum efficiency is usually not measured much below 350 nm as the
power from the AM1.5 spectrum contained in such low wavelengths is low.

https://www.pveducation.org/pvcdrom/solar-cell-operation/quantum-efficiency
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Fill factor (FF)

J ’ — ’
J R, 0
o Voc + 1
OVl
" + Voc = qVo/nkT, normalized open circuit voltage
O n - ideality factor of diode (typically 1.5-2.0 for OSCs)

g - the elementary charge
k - the Boltzmann constant

FF, = FFy(1 — r,) FF,, — FFoll - (voe + 0.7) FF
Voc Fsh
FF. - calculated from egn
r = RyJs/Voo the normalized
series resistance
—— [1 B (\Oc‘+ 0.7) ’FS
'oc sh

From a semiconductor theory point of view, reaching high FF requires a small series
resistance (R,) and a large shunt resistance (Ry;)

29



Fill factor: role of photoactive layer morphology

R = 2-ethylhexyl

| Ts B\ /d/
S S
F (R
™ S OR .I'S \ S". -

ROOC Si-PCPDTBT
PTB7

TEM images of PTB7 : Si-PCPDTBT : PC,.BM blends

1:0:1.5 0.85:0.15:1.5 0.75:0.25:1.5
- Domain size
8, ®  FF=55.6% " 4

N. Gasparini et al., Nat. Energy, 2016 ,1, 16118 30



|[HOMO| [eV]

Power conversion efficiency

PBDTT-FTTE
PBDTTPD
PBDTTT-C-T
PffBT4T-20D
26 24 22 20 18 16 14 12 PTB7
Absorption Onset Donor [eV]
Assumptions:

Voclosses = 0.7 eV (s, = E, — eV()
EQE =70%, FF = 70%

PCE = 12-13%:
E,=1.2+1.7 eV
HOMO= -5.7 + -5.3 eV

M.C. Scharber, Adv. Mater. 2016, 28, 1994-2001;
J. Zhang et al., Small Methods 2017, 1700258

power conversion
efficiency [%]

0.000
1.500
3.000
4.500
6.000
7.500
9.000
10.50
12.00
13.50
15.00
16.50
18.00
19.50
21.00

1.0 1.5 2.0 25 3.0
E, (eV)

Assumptions:
EQE =80%, FF = 80%

PCE = 12-13%: PCE >15%:
E,=0.75+2.1 eV E,=1.0+1.9 eV
Ejos; = 0.75 eV Ejoss < 0.60 eV

(Vo X Jsc X FF)

PCE =

P

N
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Materials for OSCs

PCE=11.7 %

PCE=11.32%

PCE=11.0%

CE=18.0%

32



Most promising systems “Polymer (D) + Fullerene derivative (FA)”

S
NN R v

P1: R=2-octyldodecyl, X=F, Y=H,
P2: Ry=2-octyldodecyl, X=H, Y=F P4: R =2-octyldodecyl, X=F
P3: R1=2-nonyltridecyl, X=F, Y=H P5: Ry=2-decyltetradecyl, X=H

S\

S-N

P8: m=0.75, n=0.25
R4=(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)pentyl

R,=2-decyltetradecyl
P9:R,=R,=5-(2-ethylhexylthio)thiophen-2-yl,

R3=2-butyloctyl

s
o) @)
P10: R =2-ethylhexyl, R,=n-octyl P11: Ry=2-octyldodecyl
. . w ” .- . TCBM
Most conjugated polymers comprise “strong acceptor” benzothiadiazole units, .,

“strong donor” thiophene units and their fluorinated counterparts



Most promising systems “Polymer (D) + Small molecule (NFA)”

ID-M: R= 4-hexylphenyl
C8-ITIC: R= n-octyl

P13: R;= 2-ethylhexyl, X=H, Y=F
P12: R4= 2-ethylhexyl, R,=2-hexyldecyl P14: Ry= 2-ethylhexyl. X=F. Y=H
P15: R,= 2-ethylhexyl, X=Cl, Y=H

P15: R1= 2-ethylhexyl, Ro= 3-ethylheptyl P17: R4= 2-ethylhexyl, R,= 2-butyloctul

Y6: R= 2-ethylhexyl, X=F
BTP-4Cl: R= 2-ethylhexyl, X=ClI

Conjugated polymers comprise “weak donor” blocks and “weak acceptor” blocks
Acceptor components are fused-ring heterocyclic compounds with planar structure 34



Upscaling of OSCs

ca. 10-25 cm? | |

ca. 50-200 cm?

18-16%

15-12% 10-4% A

7-3%

Towards flexible devices

5.3% in rigid module (35 cm?)

4.2% in flexible module (35 cm?)

7.7% in rigid module (7.5 cm?)

16.7% in rigid cell (4.0 mm?)

> 5.6% in flexible module (7.5 cm?)

14.06% in flexible cell (4.0 mm?)

Q. Liu, Science Bulletin, 2020, DOI: 10.1016/j.scib.2020.01.001; B. Fan et al., Sci. China. Chem. 2019, 62, 746 ; Y. Han et al., Adv. Sci. 2019, 6, 1901490; B. Fan
et al., ACS Energy Lett. 2019, 4, 10, 2466-2472; K. M. Huang et al., Sol. RRL 2019, 3, 1900071; Lucer et al., Energy Environ. Sci., 2016, 9, 89-94; N. Li et al.,

Adv. Energy Mater. 2014, 1400084; T Yan et a., Adv.Mater., 2019, 31, 1902210
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Thickness-insensitive photovoltaic materials

20%-40% of the
incident photon flux
is wasted -
limited

AL thickness ~100 nm
J5c=19.52 mA cm?

FF =78%

PCE =13.5%

'ISC

electrode
AL ~100 nm

ITO

Glass

)

electrode

AL ~500
nm

ITO
Glass

The increased
probability of charge
recombination > FF
limited

AL thickness ~500 nm
Jsc=19.78 mA cm*?

FF =53%

PCE =9.03%

OSCs performance with thick photoactive layer — promising candidates for scalable

fabrication
System Thickness, Voo mV | JcmAcm? | FF,% | PCE,% | Ref.
nm
PffBTAT-2DT/[70]PCBM 440 750 15.10 57.7 6.53 1
PM6/F-2Cl 600 879 19.61 580 | 10.05 | 2
NT812/[70]PCBM 1000 720 8.12 62.1 8.35 3
PNTT-H/[70]PCBM 1050 750 19.90 59.6 9.00 4

[1] X. Zhu et al., Chem. Mater. 2016, 28, 943; [2] Y. Zhang et al., Adv. Energy Mater. 2019, 9, 1902688; [3] Y. Jin et al., Adv.Mater.2016, 28, 9811-9818;[4] Y.

Jin et al., Adv. Energy Mater. 2017, 1700944.
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Sta bility of OSCs

(

Irradiation
Oxygen

Electrode
Buffer layer
Metastable Morphology

Mechanical S Heating
Stress
JBufferlayer
Electrode
J Photochemical J Morphological J Destruction  of
destruction of destruction of active electrodes
active layer layer (aggregation,
materials materials migration, etc.)

37
P. Cheng et al., Chem. Soc. Rev., 2016, 45, 2544



