June 11, 2018, City U Hong Kong

Lead Halide Perovskite:
Photovoltaics and Beyond

WA

Y a2
4 &
P Qnsd I

X 3

Nam-Gyu Park
School of Chemical Engineering
Sungkyunkwan Uinversity (SKKU)
(npark@skku.edu)



Perovskite

Conventional Oxide Perovskite
VS
Organic-inorganic Halide Perovskite
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Cubic close packing

MAI; layer

MAPbDI,
MA* = % X 8 = One layer: I: 75%, MA*: 25%



CONVENTIONAL SEMICONDUCTORS

aElectrical conductivity increases with temperature (because of
excitation of electrons to conduction band by thermal energy)
*Metal: electrical conductivity decreases with temperature
(because of electron-phonon interaction, electron is scattered by

phonon vibration at high T)

A Uv-vis spectra (Exciton binding energy measurement): Band
gap decreases with temperature

T,

Abs. Coeff. [a.u.]

Conductivity

T?.
A —
SN Figure 2.5. Tlustration of the temperature dependence of experimental absorption
| cmpe rature spectrum (at the fundamental absorption edge) (T;<T,<T3).

E, decreases with temp.




How about organic-inorganic halide perovskite (MAPbI;)?
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Electrical conductivity as a function of temperature for different age of the sample
which was exposed to one sun illumination (left) and was stored in the dark (right).
Bizuneh Gebremichael et al., Physica B: Condensed Matter, 514, 2017, 85-88

Conductivity decreases with temperature (different behavior
from convectional semiconductor). Then, MAPbI; is metallic?
Electron may be scattered by phonon vibration due to organic

molecular motion.



Phase dependent exciton BE of MAPbI; FWHM = exciton BE (related to disorder)
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E, increases with temp: contrary to conventional semiconductor
(Shivam Singh et al., J. Phys. Chem. Lett. 2016, 7, 3014-3021)



Compression strain: better EQE?
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» 3-D map of the wrinkle morphology

a hothin, b(40% compressive strain).
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History
Genesis of Perovskite Solar Cell




Solar Cell Work, since 1997

Dr. Arthur Frank
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DSSCs stop growing: Efficiency of ~ 12% since 1997
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Scientists struggle for finding good sensitizers like QD with high o
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NanoEuro2007 Conference CS

September 11-14, 2007, St-Gallen, Switzerland
(Organized by DyeSol)

YSC-1C 2007, Sept. 11-13, St. Gallen

XD Activities in KOREA

Nam-Gyu Park
(npark@kist.re.kr)

Center for Energy Material Researches
Korea Institute of Science and Technology (KIST)
Seoul 136-79




Thursday, 13th September 2007

New technology and products

DSC production — putting roll-to-roll to work
-09.25

Kevin Tabor, G241, United Kingdom

PVT - a tandem application for solar heat and power using DSC
-09.50
Henrik Soerensen, Esbensen Consulting Engineers, Denmark

New DSC solutions
-10.15

DSC appearance — multicoloured and stable panels
- 1040

Andreas Hinsch, Fraunhofer Institute for Solar Energy Systems (ISE), Germany

“Perovskite-sensitized DSSC” Talk given by T. Miyasaka

Efficiency of MAPDI; sensitized liquid DSSC was about ~2%
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Motivated by the term “Perovskite

M.S. Thesis, Seoul National Univ., 1992
"Preparation and Physico-chemical Properties of the
Perovskite Type Oxides A,(CeTa)O, (A=Ca, Ba)"

Ph. D. Thesis, Seoul National Univ., 1995

"Synthesis and Physico-chemical Properties of 2-
dimensional Inorganic Solids and Their Intercalation

Compounds”
(Layered Superconducting Perovskite)



We started perovskite work since the

| asked Dr. Song Rim Jang (my first postdoc in my lab at
KIST) to try to make perovskite film and solar celi

2007, St-‘GaI"Ié_n, Switzerland

Dr. Song Rim Jang




Report on Perovskite Exp. (Jun. 7, 2008) (/3

By Song Rim Jang (postdoc in 2008)

Inorganic—organic perovskite—-type

quantum—-well crystal
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CHsNHsPbBrs9t CHsNHsPbls & AFE3shed, DSSCsell #Esla 1 52 ZolEr]
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- CH;NH:PbBrs2] 344 #3

1.21.81 mL CHsNH, 9} 28.28 mL HBr& 4=0 (CH;NH, - HBr = 1: 1).

2. FMe] o] 282 eyaporationdt] 2 powder?! CHsNH:Br& 9=t}

3.0.0280 g CHsNH:Br# 0.0918 g PbBr.& 5 mL DMF9 =< 50 mM
CH;NH;PbBrs £9& 9=t} (CHsNHsBr : PbBry = 1 : 1). (Figure 1)

4. DMFE F2A1A AlASHH orange 2] CHsNHsPbBrs powder”} 4§74 =t}

CHNH.Br + PbBr, ——» CH.NH,PbBI,

Figure 1. CHsINHsPbBrs 373 7174



Report on Perovskite Exp. (Jun. 7, 2008) é:g

- CHsNH:Pbls°] &4 #7114
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2)
1. AcetonE FEAA A ASHH A& ] CH;NH:Pbl; powder7} A=}

CHNH, + HI —— CH,NH,|

CHNHl + Pbl, =52 CHNH,PbI,

Figure 2. CH;NH:Pbls &/ #1734



Report on Perovskite Exp. (Jun. 7, 2008)
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[Precursor] ~ 8 wt%

Visible light TiO, thickness ~ 8 um

70
60- CHSNHaphBr3
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Perovskite nanocrystalline sensitizers Wavelength / nm PrOf’ T. Mlyasaka

J. AM. CHEM. SOC. 2009, 131, 6050-6051

Table 1. Photovoltaic Characteristics of Perovskite-Based Cells?

perovskite sensitizer on TiO; Jse (MA/cm?) Ve (V) FF 17 (%)
CH;NH;PbBr; 5.57 0.96 0.59 3.13
CH3;NH;Pbl; 11.0 0.61 0.57 3.81

2

“ Measured with an effective incident area of 0.24 cm® under 100

mW/cm? AM 1.5 simulated sunlight irradiation.



40 wt% in GBL (~ 1.2 M)
CH,;NH,l + Pbl, — (CH,NH,)Pbl,

Jeong-Hyeok Im
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(1) 10% (2) 20%

40 wt%

(2]
o
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EQE (%)
5

[ 10 wt% v
300 400 500 600 700 800
Wavelength (nm)

N
o o
B e

Joc (MA/cm?2) | Vo (V) FF n (%) | Thickness

w/o surface treatment 15.99 0.629 | 0.617 | 6.20
3.6 um

w/ surface treatment 15.82 0.706 0.586 6.54

J-H.Im, N.-G. Park et al., Nanoscale, 3, 4088 (2011)
Important message: lon-ion interaction vs ion-solvent (solvation)

interaction, critical in forming perovskite phase.



Dissolution of MAPbI; in Liquid Electrolyte




First Attempt with P3HT ¢S

July, 2011

12 mg P3HT in 1 mL Toluene; 1.5 um thick mp-TiO,
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Second Attempt with Spiro-MeOTAD
November, 2011
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Perovskite
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0.6 14.3 0.805 0.49 5.7 0.219 1.84




Decrease in mp-TiO, thickness? CS
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PV Performance increased as thickness decrea
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Lead lodide Perovskite Sensitized
All-Solid-State Submicron Thin Film

Mesoscopic Solar Cell with Efficiency
Exceeding 9%

Hui-Seon Kim!, Chang-Ryul Lee', Jeong-Hyeok Im', Ki-Beom Lee', Thomas Moehl?, Arianna Marchioro?,
Soo-Jin Moon?, Robin Humphry-Baker?, Jun-Ho Yum?, Jacques E. Moser?, Michael Gratzel?
& Nam-Gyu Park!

'School of Chemical Engineering and Department of Energy Science, Sungkyunkwan University, Suwon 440-746, Korea,

= ~3,800 times cited as of May, 2018

We report on solid-state mesoscopic heterojunction solar cells employing nanoparticles (NPs) of methyl
ammonium lead iodide (CH3;NHj3)Pblj; as light harvesters. The perovskite NPs were produced by reaction of
methylammonium iodide with Pbl, and deposited onto a submicron-thick mesoscopic TiO, film, whose
pores were infiltrated with the hole-conductor spiro-MeOTAD. Illumination with standard AM-1.5 sunlight

generated large photocurrents (Jsc) exceeding 17 mA/cm?, an open circuit photovoltage (Vo) of 0.888 V
navid A Bt TR il 0 vt o e e s crin A aTATa M mrnTraet vy ot nvssrryr:-d DR o 00/ o ik ok: momnwtoll 4o



PSC research activities seen from publications
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#1,424 released in 2018 (more than 4,000 papers expected)



PV Technologies

Energy Payback Time

Mono-Si (11.9%)
Lab organic PV (5%)
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| PSC Module A (15.1%) mmmm
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Renewable and Sustainable Energy Reviews 80 (2017) 1321-1344



Toward Hysteresis-free, Stable PSC




On the I-V Hysteresis

Severe hysteresis leads to
poor stability

Towards stable and commercially available
perovskite solar cells

Nam-Gyu Park™, Michael Gratzel?, Tsutomu Miyasaka?® Kai Zhu* and Keith Emery*
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CapaCitiVE Current I = C— ["*’]

Current (I)=0 { [
ﬁ Observe the response ¢

+

Potential — =—

Source — V.
(V) e ar

Capacitors will not pass DC Current

Time (s)

Increases in Capacitance leads to Hysteresis
Management of Capacitor Component in PSC is important



» Importance of Interface PLYSICAL CHEMISTRY

(J. Phys. Chem. Lett. 2015, 6, 4633—-4639) | etters

 Hysteresis: normal vs inverted structure
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How to reduce or eliminate |-V hysteresis in
normal structure with TiO,?

(1) Interfacial engineering
(2) Bulk defect engineering



Interfacial Engineering with 2D (PEA),Pbl,

2-D
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Higher energy for iodide displacement in 2D than in
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Humidity Test CS
" Black curtain ]

B
\ Closed vessel

RH = 85%

MAPbI film (zn) (MAPbI3) film



Device stability of (2D),(MAPbI;) under R=85%
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s Inorganic HTMs

INORGANIC 17 28
TRANSPORT MATERIAL 2.1

CuSCN
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o
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53 54 54 54

(A2) 3




In-situ formation of 2D on perovskite surface




Post-treatment of 5-AVAI on Pbl, excess PSK
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Scan rate independent
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Evidence of in-situ formed 2D c:g

Pb 4f

(5-AVA)5Pbl,

} 2D treated

Intensity (a.u.)
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Binding energy (eV) *shoulder: metallic Pb
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lon Exchange Reaction for Interfacial Engineering

e G
Spiro-MeOTAD
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<>
' lon exchange
— ]

and drying




Bang gap decreased, Carrier life time increased
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PF. (2.55 A) is slightly larger than |- (2.20 A)



Evolution of FA, g3Cs, 1,PDbl; . (PF,), Layer
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Trap density (x10 cm™)
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On the thermal stability CS

: MAPDI; film itself is thermally stable!
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In device with spiro-MeOTAD? 6
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Universal approach toward hysteresis-free PSC



Defect Engineering: Universal Approach for Hysteresis-Free PSC
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Scan rate independent I-V behavior
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cf) Hysteresis can be affected by grain size
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Trap density as a function of [KI]
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Defect: Vacancy, Interstitial, Antisite, and Frenkel 6
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Perspective

Proposal of research direction of PSC
toward S-Q limit




PSC R&D Direction
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Carrier Management »
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Pushing V__and FF up toward S-Q limit is important!
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Common issue to get 5-Q limit V,_and FF

Recombination!

Understanding “Recombination” is most important

in order to allow only band-to-band
recombination



Intrinsic semiconductor

Radiative recombination
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How to evaluate ideality (n,)factor

1. Light-intensity dependent V__(reliable)

I
*’[ﬂ,::f:‘ —H][}ﬂBTl []

2. Dark JV (due to parasitic resistance)

eV For PSC
npkp T 1.2<I’7|D<5?

Jdm‘k(V) — JU (exp

3. Electroluminescence (due to parasitic resistance)
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J kgT
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W. Tress et al., EES, DOI: 10.1039/c7ee02415k



Optical determination of SRH and interface recombination using EQY,,

* Similarly to VI, the free energy (chemical potential) of the electron-hole pairs

(1) as a functlon of the intensity of the excmng light (/.,), namely the u-I_,
characteristics
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Scientific Reports | 7:44629 | DOI: 10.1038/srep44629



For heterojunction with ETL and HTL
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Beyond PV:



Risk of medical X-ray radiation

Repeated exposure to medical X-ray radiation can
accumulate over time to substantial cancer-causing doses
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6 Cardiac stress test (Tc-89m)
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3 Dental pancrama exam

2 Chest X-ray
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FIG. 2. Magnitude of radiation exposure from various sources.

[Adapted from N. F. Metting: http/fowdose.energy. goviimagegallery.aspx
(32).] For cranial CT, the dose takes into account the multiple scans
performed for the typical patient. GI, Gastrointestinal; PET, positron

emission tomography.

TABLE 1. Units related to radiation safety used
by the National Council on Radiation Protection
and Measurements

Absorbed dose
Slunits: 1 gray (Gy) = 1000 mGy
Old wnits: 1 rad = 10 mGy
Effective dose
51 units: 1 sievert (5v) = 100 rem; 1 rem = 10 m&v
Old units: 1 rad = 1 rem (for x-rays)
Amounts of radioactivity
1 megabequerel (MBg; 10°Bg) = 0.027 mCi
1 mCi = 37 MEqg
30mCi = 1111 MEqg

Searching sensitive X-
ray detector materials
is a solution for this
dose-risk problem.

Endocrine Reviews, October 2010, 31(5):756-773



Indirect and direct X-ray imaging

Two flat detector technologies
Indirect method: thallium doped cesium iodide (Csl:Tl) scintillators
Direct method: amorphous selenium (a-Se) particularly suitable for
mammography due to good X-ray conversion efficiency
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2. X-rays cause positive
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Electronic array —|
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by electronics
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Multicrystalline Perovskite Crystal (MPC)
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Perovskite X-ray imaging

a X-ray photons
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Printable organometallic perovskite enables
LETT ER large-area, low-dose X-ray imaging Nature, 550, 87-91, 2017
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