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Organic-Inorganic Halide Perovskites
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μ

[cm2/Vs]

c-Si ≈ 103  [2]

solution processable
organic semiconductors

10-5 – 100  [3]

CH3NH3PbI3 ≈ 102   [4] 
[2] S. M. Sze, J. C. Irvin, Solid. State. Electron. 11, 599, (1968).
[3] H. Hoppe, et al., J. Mater. Res. 19, 1924, (2004).
[4] Q. Dong, et al., Science 347, 967, (2015).

CH3NH3PbI3, a solution processable, 
crystalline semiconductor with a high 
charge carrier mobility:

tetragonal crystal structure of CH3NH3PbI3,
a = b = 8.81 Å, c = 12.71 Å [1]
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a

b

[1] M. T. Weller, et al., Chem. Commun. 51, 4180–4183, (2015).
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CIGS

Optical Properties of CH3NH3PbI3
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CH3NH3PbI3

• direct semiconductor
• EG = 1.6 eV
• α ≈ 105 cm-1 above 1.7 eV 

[3] D. E. Aspnes, A. A. Studna, Phys. Rev. B. 27, 985 (1983).
[4] W. Shockley, H. J. Queisser, J. Appl. Phys. 32, 510 (1961).

[1] S. De Wolf et al., J. Phys. Chem. Lett. 5, 1035, (2014).
[2] C. Schinke, et al., AIP Adv. 5, 67168, (2015).
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Solution Processing of CH3NH3PbI3 Thin-Films
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[1] N. J. Jeon, et al. Nat. Mater. 13, 897–903, (2014).

1 : 1

CH3NH3I PbI2

solvent
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Polycrystalline CH3NH3PbI3 Thin-Films
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2 cm

(photograph)

800 nm



h+

e-
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Perovskite Solar Cells

2 cm

(2014)

(Usually encapsulated to
avoid influence of O2 & H2O)



Commercial available
InGaP/GaAs/Ge 
triple junction: 50 mg/cm2
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KRICT

typical weight
5 mg/cm2

considering the active
layers only

24.2 %

Motivation: Ultralight Solar Cell Arrays for Space

detailed balance SQ limit: 32.9 % 

[1] M. Arya, et al, 2016 AIAA Spacecr. Struct. Conf. pp. 141–152.

60 m

1.5 m [1]

Cheap
mini cube
satellite

[2] Kaltenbrunner, M. et al. Nat. Mater. 14, 1032–1039 (2015).

Perovskite
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Motivation: Ultralight Solar Cell Arrays for Space

25.5 %

detailed balance, 
series constrained
tandem: 45.3 % 

Jošt, M., (2019). Energy &
Environmental Science. 23.4%25.5%

detailed balance SQ limit: 32.9 % 

F. Lang, et al., Phys. 
Chem. Lett. 6, 14, 
2745–2750, 
(2015).

2014
A = 1.03 cm2

η = 13.2%

S. Albrecht

29.2 %

Perovskite

Perovskite
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Motivation: Ultralight Solar Cell Arrays for Space

Jošt, M., (2019). Energy &
Environmental Science. 

η = 21.6 %

• Highly efficient
• Flexible 
• Several μm thin

• Lightweight
• Stowable
• Deployable

Perovskite/CIGS based multijunction solar cells: 

21.6 %

detailed balance, 
series constrained
tandem: 45.3 % 

Perovskite

Perovskite

Perovskite



Perovskite based Single and Tandem Photovoltaics

11

C60

PTAA

ethyl acetate 
drip

intermediate
phase

3000 rpm

annealing 
at 100°C

N2 atmosphere 
O2 < 0.1 ppm
H2O < 0.1 ppm

precursor 
solution

[1] Saliba, M. et al. (2018), Chemistry of Materials

Dr. Marco Jost
Prof. Steve Albrecht

[Cs0.05(MA0.17FA0.83)0.95]Pb(I0.83Br0.17)3

Triple Cation Perovskite

AMX3



[1]

Tandetron

Cyclotron

not so 
important

shielding 
possible

damage
due to
defect

creation 

68 MeV

Proton Irradiation

12
[1] J. Röhrich et al., Rev. Sci. Instrum. 83, 02B903 (2012).

Ion source

[2] Walters et al. (2006). IEEE 4th World Conf. on Photovoltaic Energy (Vol. 2, pp. 1899–1902). 
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Ion source

[2] Walters et al. (2006). IEEE 4th World Conf. on Photovoltaic Energy (Vol. 2, pp. 1899–1902). 

68 MeV to replicate the uniform damage
of a true space environment considering
polyenergetic & omnidirectional
proton irradiation

x
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In-situ measurements of the degradation of Jrad
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J

radiation 
induced 
current Jrad

𝑃𝐸𝑄𝐸 =
𝐽𝑟𝑎𝑑
𝜙

proton beam flux



In-situ Characterization of PV Performance
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SMU

30 mW/cm2

In-elastic scattering

Be7, Na22, Na24, K42, 

K43, Rb100, Rb101, 

In111, J123, Te123, Pb201

Instable isotopes

p

proton irradiation
& light illumination



A < 103 Bq Characterization @ AM1.5 
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20 MeV:
• η →
• Jsc →
• VOC →
• FF    →

68 MeV:
• η ↘ 
• Jsc ↘ 
• VOC ↘ 
• FF    ↘

• Degradation @
68 MeV >> 20 MeV

• SRIM simulations 
# vacancies & interstitials

68 MeV << 20 MeV



After 3 weeks, A < 104 Bq
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• AM0 = 135 mW/cm2

• 𝜂𝑀𝑃𝑃
𝑎𝑠 𝑝𝑟𝑒𝑝

= 18.8 % 

• 𝜂𝑀𝑃𝑃
𝑖𝑟𝑟. = 17.8 % 

Lang, F., et al.,  
Energy Environ. Sci. 

2019, 12, 1634.



Dark J-V characteristics
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 reduced recombination after 
irradiation ?

68 MeV irr 

ref

Increase in rectification ???



Photoluminescence Decay
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 Suggests reduced 
recombination after irradiation 

with 68 MeV



Spectral Photoluminescence
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 Suggests increased
recombination after irradiation 

with 68 MeV



VOC decay
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t

V

5 GΩ

Vin
Vout

50 Ω

τrec = −
kT

q

dVoc
dt

−1

−
dn

dt
= −

𝑛

𝜏𝑟𝑒𝑐
𝑛 ≈ e

𝑞𝑉𝑜𝑐
𝑘𝑇

 Suggests reduced Shockley-Read 
Hall recombination after irradiation

tswitch-off ≈ 30 ns

I ≈ 100 mW/cm2

68 MeV 
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Apparent lifetime due to trapping and detrapping ?? 

trap states



d𝑛𝑒
𝑖

dt
= −𝛾𝐴𝑢𝑔𝑒𝑟 ⋅ 𝑛𝑒
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𝑑𝑒𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔
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Trapping & Detrapping ?
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ktrap ~ 2.9∙10-8 cm3/s

kdetrap ~ 8.5∙10-9 cm3/s

Ec-Etrap = 0.31 eV

𝐸𝐶 − 𝐸𝑡𝑟𝑎𝑝 = 𝑘𝐵𝑇 ⋅ ln
𝑁𝐶
𝑁𝑡

⋅
𝑘𝑡𝑟𝑎𝑝
𝑘𝑑𝑒𝑡𝑟𝑎𝑝

Hornbeck & Heynes model

Minority carrier trapping & detrapping can explain the observations
 Is it true ?
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Motivation: Ultralight Solar Cell Arrays for Space

25.5 %

detailed balance, 
series constrained
tandem: 45.3 % 

Jošt, M., (2019). Energy &
Environmental Science. 

23.4%25.5%

Perovskite

Perovskite
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Unpublished Data
please email

fl396@cam.ac.uk
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