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Thermally Adaptive Interfacial Polymer Network Enables Space-

Compatible Perovskite Solar Cells

5DQ :DQUDQJOLDQIKIHQLKHLDRIXRRIQJI]KRX 2RPRL =WMIMR/L/LIJDQJ ;X
4LDQJ *NPQ\LELRL +XDRDR :DQRJIIXR $NQDQ «XTLDQJ =KDQ

7KH 6 WDWH .H\ /DERUDWRU\ RI 3BKRWRYROWDLF 6FLHQFH DQG 7THFKQRO
)XGDQ 8QLYHUVLW\ 6KDQJKDL &KLQD

-LDQJ\LQ -LQJKDR 1HZ (QHUJ\ THFKQRORJ\ &R /WG -LDQJ\LQ &KLQD
'HSDUWPHQW RI ODWHULDOV 8QLYHUVLW\ RI ODQFKHVWHU 2[IRUG 5RD

6WDWH .H\ /DERUDWRU\ RI &DWDO\VLY 'DOLDQ 1DWLRQDO /DERUDWRU\
BK\VLFV &KLQHVH $FDGHP\ RI 6FLHQFHYVY 'DOLDQ &KLQD

6FKRRO RI OLFURHOHFWURQLFV )XGDQ 8QLYHUVLW\ 6KDQJKDL & |
,QVWLWXWH RI 2SWRHOHFWURQLFV )XGDQ 8QLYHUVLW\ 6KDQJKDL

Abstract

Metal halide perovskite solar cells (PSCs) are promising candidates for next-generation
terrestrial and space photovoltaics owing to their high power-to-weight ratio, solution
processability and intrinsic radiation tolerance. Yet their practical deployment, particularly in
low-Earth-orbit (LEO) environments, is hindered by rapid temperature fluctuations and intense
ultraviolet (UV) irradiation. These coupled thermomechanical stresses accelerate buried-
interfacial degradation by promoting stress accumulation, defect generation and inefficient
charge extraction at the interface between self-assembled monolayers (SAMs) and the
perovskite absorber. Here we report an adaptive buried interface enabled by the glass transition
of a thermoresponsive poly(2-hydroxyethyl methacrylate) (P2HM) interlayer inserted between
the SAMs and the perovskite. The polymer und ergoesu structural adaptation near its
glass-transition temperaturely( = 87.4°C), transforming into a compliant viscoelastic
reticulated network that strengthens interfacial adhesion, bridges voids arising from incomplete
SAM coverage and dynamically coordinates with undercoordinat&dsRées. This adaptive
interface not only passivates existing defects but also suppresses the continual generation of
stress-induced interfacial defects during operation. The resulting PSCs achieve a power
conversion efficiency (PCE) of 27.25% (certificated 27.19%) while retaining 90% of their

initial efficiency after 540 rapid thermal cycles (@2min! ramp rate) between -60°C and
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+100°C and 93.4% after 316 h of intensified UV irradiation under 80 mW& @ur findings
establish thermally adaptive buried interfaces as a general strategy for mitigating mechanically
driven interfacial degradation, providing a design principle for durable perovskite

photovoltaics operating under extreme terrestrial and space environments.
Introduction

Metal halide perovskite solar cells (PSCs) have rapidly emerged as one of the most promising
photovoltaic technologies, with certified power conversion efficiencies (PCEsS) now
approaching 28%?2 Beyond high efficiency, their high power-to-weight rataw fabrication

costs and intrinsic radiation tolerance make PSCs patrticularly attractive for applications where
conventional photovoltaic technologies are limited, including lightweight terrestrial systems
and low-Earth-orbit (LEO) spacecrdft. However, practical deployment in these harsh
environments requires perovskite devices to withstand rapid temperature fluctuations, intense
ultraviolet (UV) exposure and extended high-temperature operation period to avoid
degradatio:” In LEO, satellites routinely experience temperatures ranging from
DS SURJ[LAMWkG100°C with the ramp rate of 20 P L (bgsed onEC 60068-2-14,
substantially exceed those specified for terrestrial photovoltaic qualification stafidfards.
These coupled thermal and mechanical stresses progressively degrade device integrity through
stress accumulation, defect formation and interfacial failure, making stability under extreme
environments one of the principal barriers to practical deployment of perovskite

photovoltaic$?1°

Although degradation occurs throughout the multilayer perovskite device, the buried interface
between the self-assembled monolayers (SAMs) and the perovskite layer is particularly
susceptible to thermomechanical failure. This interface governs perovskite nucleation,
interfacial charge extraction and mechanical coupling, while simultaneously accommodating
the mismatch in coefficients of thermal expansion (CTE). During film formation and repeated
thermal cycling (TC), CTE mismatch generates residual stresses that distort the perovskite
lattice, promote interfacial delamination and continuously generate new defect states, thereby
accelerating non-radiative recombination and performanceé%é%®reventing the continual
accumulation of stress-induced defects at this buried interface is therefore essential for

achieving durable PSCs capable of operating under realistic terrestrial and space conditions.
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Considerable efforts have been devoted to mitigating thermomechanical degradation in
perovskite photovoltaics. Dynamic materials, including self-healing fluoropolymer
elastomerg! flow-phase grain-boundary modifieisphotoisomerizable molecules and glass-
transition-regulated additivéd2* have demonstrated the ability to buffer strain and suppress
mechanical damage within the bulk perovskite film or grain boundaries. Meanwhile, buried-
interface engineering strategies based on molecular bridgksl-interface self-regulated
interlayers’® CTE-gradient structure, iodide-buffer layer$® cross-linked polymer
networkg® and various functional polymers have been applied to reduce interfacial
recombination and improve operational stabiifty? Despite these advances, most existing
interfaces remain structurally static after fabrication. Consequently, they cannot continuously
adapt to evolving thermomechanical stresses generated during rapid temperature cycling,
sustained high-temperature operation or intense UV exposure, where new interfacial defects
are continuously produced throughout device operabereloping adaptive buried interfaces
capable of dynamically responding to extreme operating conditions therefore remains an
outstanding challeng&

Here we report a glass-transition-enabled adaptive buried interface by introducing a poly(2-
hydroxyethyl methacrylate) (P2HM) reticulated network between the SAMs and the perovskite
layer. Owing to its glass-transition temperatufe £ 87.£C), the polymer can be activated
during annealing (100°C), and P2HM transforms into a compliant viscoelastic network with
enhanced segmental mobility, strengthening interfacial adhesion, accommodating thermally
induced strain and bridging interfacial voids originating from incomplete SAM coverage
(Figure 1la, b). Simultaneously, the thermally reconstructed polymer exposes additional
hydroxyl groups (-OH) that dynamically coordinate with undercoordinaté&diéts, enabling
sustained defect passivation while suppressing the continual generation of stress-induced
interfacial defects during operation. As a result, the adaptive buried interface simultaneously
improves crystallization, charge extraction and mechanical robustness, enabling PSCs with a
PCE of 27.25%. More importantly, the optimized devices retain 90% of their initial efficiency
after 540 rapid thermal cycles between -60 and +100 °C, 88.7% after 450 h of thermal aging at
100 « and 93.4% after 316 h of accelerated UV irradiation under 80 m¥/ Ehese findings
establish adaptive buried interfaces as a general design strategy for mitigating
thermomechanically driven interfacial degradation and provide a promising framework for

durable perovskite photovoltaics operating in extreme terrestrial and space environments.
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Results and Discussion

Mechanism for SAMs Interface Optimization

We first study the electrostatic potential (ESP) of the monomeric representation of the P2HM
molecule, namely P2HM (Supplementdfigure 1). The electron-rich units of the carbonyl
group (C=0) and -OH in P2HM exhibit negative ESP (red), which could effectively passivate

Lewis acid defects (such as undercoordinated)Ply forming coordination covalent bontfs.
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Figure 1 (a) Chemical structural formula of P2ZHM and a schematic diagram of segmental
motion during the transition from the glassy state to the viscoelastic @at8chematic
diagram of the perovskite film after modification with P2HJ&). DSC curves of P2HM ramp-
cool cycle.C-AFM images of the FTO/4PABQHd) and FTO/4PABCz /P2HNE) films. (f-h)
Adhesion AFM of different conditions films.
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Differential scanning calorimetry (DSC) was used to analyse the dynamic transformation of
P2HM during annealing, as shown in Figure®1Buring the first ramping, P2HM exhibited

an endothermic peak at approximately 98°C, which is attributed to enthalpy relaxation
associated with the release of the polymer's thermal history and molecular rearrariement.
This process suggests that the initially frozen polymer chains undergo structural relaxation,
accompanied by the disruption of local hydrogen-bonded aggregates and increased segmental
mobility. As a result, previously buried -OH and C=0 become more accessible, while the
polymer evolves towards a more compliant and viscoelastic®$taiés structural evolution is
further supported by solid-state (S5) NMR (Supplementaryigure 2), heat treatment at
100°C triggers P2HM segment reconstruction, leading to differentiation of the local chemical
environment of protons in the chaiffsSimultaneously, changes in -OH groups related signals
indicate a rearrangement of the hydrogen bond network within the P2HM. This thermally
induced molecular reconstruction facilitates the exposure of more -OH and C=0, enhancing
their potential for interaction with Pband interfacial defects in the perovskite, thereby
achieving more effective dynamic interfacial passivation and stress relief. Upon the second
heating cycle, only the characteristicremains, confirming that the initial endothermic event
originates from irreversible structural relaxation, whereas the subsequent glass transition

corresponds to the reversible transformation between the glassy and viscoelasfit*States.

&RQGXFWLYH DWRPLF 8BWFHURURORMFRE\ )LIXUH G H VKR
VXEVWUDWH FRYHUHG ZLWK 6$0V 3KHQ\O + + > EL
DFLG 3%$%&] H[KLELWV SURQRXQFHG KLJK FXUUHQW UH.
)72 3$%&] 3 +0 VXEVWUDWH GLVSOD\V VXEVWDQWLDOO\ VF
PRUH FRPSOHWH FRYHUDJH Rl WKH XQGHUO\LQJ )72 VXUIL
GHFUHDVHV IURP Q$ IRU WKH 3%$%&] VXEVWUDWH WR
6XSSOHPHQWDWXJ)IHXWHQJ WKDW WKH SRO\PHU LQWHUOD\|
FRQGXFWLYH SDWKZD\V DULVLQJ IURP LQFRPSOHWH 6$0 FR
FXUUHQW LQGXFHG QRQ UDGIRDWXYWKHHFRPEHYDUIRYH \
PRUSKRORJ\ WKHZDWKSINURRUBNG RQ WKH )72 3$%&] VXEVW
FRDWHG ZLWK PDRE0 )LPYUH | K 7KH )72 3$%&] VXEVW!
LVRODWHG UHJLRQV ZLWK UHODWLYHO\ KLJK DGKHVLRQ

EHWZHHQ WKH H[SRVHG )72 VXUIDFH DQG WKH $)0 SURE
FRQFHQWUDWLRQ WKHVH KLJK DGKHVLRQ GRPDLQV JUDG}
SDWWHUQ LQGLFDWLQJ SUHIHUHQW L6I © XER\FIIEBHD RXWRORFH R |
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TXDQWLWDWLYH QDQRPHFKDQLFDO PDSSLQJ 3)410 DF-
6XSSOHPHQWDUHYHDOWHD FRUUHVSRQGLQJ HYROXWLRQ LQ
7KLV EHKDYLRU VXJJHVWYV WKDW 3 +0 LQLWLDOO\ DFFXPXO
DV H[SRVHG )72 UHJLRQV VXUIDFH GHSUHVVLRQV DQG LQFR
SURJUHVVLYHO\ EULGJLQJ DGMDFHQW UHJLRQV WKURXJK F
IRUP D PHFKDQLFDOO\ FRPSOLDQW LQWHUFRQQHFWHG QHW

Enhancing Crystallisation via buried interface modification

7R HOXFLGDWH WKH FKHPLFDO LQWHUDFWLRQ EHWZHHQ

LQIUDUHG )7,5 VSHFWURVFRSA Z® WV LY WXIRH\P IDEWRIQ 3R O Y H
JLIXUH D DQG 6XSSOHAFKEWBDUPRIWHHLVWLF & 2 VWUHWEFK
VKLIWV IURP FPVMRSRQ PL[LQJ DIFWRPBEDQLHG E\ WKH HPHUJ
DGGLWLRQDO EDQGYV DW DSSUR[LPDWHO\ DQG FPq
$GGLWLRQDOO\ 2+ JURXS VKLIAWVHKIURRLIWY WORELEDWH WK
DQ@+ JURXSV LQ 3 +0 H[SHULHQFH GLIIHUHQW FRRUGLQDV
GHPRQVWUDWH WKH IRUPDWLRQ RI FRRUGL QDAKILF® PQWHU
FRQWULEXWH WR GHIHFW SDVVLYDWLRQ DQG LQWHUIDFLDO

7R YHULI\ WKDW VXFK FRRUGLQDWLRQ LV SUHVHUYHG DW
ILOPV ; UD\ SKRWRHOHFWURQ VSHFWURVFRS\ :36 PHDVX
EXULHG LQWHUIDFHV SUHSDUHG XVL®V DKREZPXIUP EOH DG KE
FRQW.WDRPOGLYVSOD\V WZR SHDNWIDRRUUHVBR@EL® RWRE |

| UHVSHFWLYHO\ ZKHRK® WHHN BL+WMGAHDWHG ILOP FRQIL
WKH HOHFWURQLF HQYLURQPHQW RI 3E HOHPHQW DULVLQJ
)XUWKHUPRUH FU\WWDOORJUDSKLF DQDO\VLV E\ ; UD\ GLII
WUHDWHG ILOP H[KLELWHG D VWURQJHU SHDN DW
6XSSOHPHQWDUW RUHWKHU ZLWK UHGXFHSHD® \DIRE, R |

a f SHDN KLJKOLJKWLQJ WK SLPCGHRY@Q\G DRV \AMBE O B L EL
GLPHQVLRQDO JUD]LQJ LQFLGHQFH ZLGH DQJOH ; UD\ VFDW
ERWWRP SHURYVNLWH VLGHV RI FRQWUYRIXUMGP DID@EG 3
6XSSOHPHQWDUMYHIXQWLPLODU GLIIUDFWLRQ IHDWXUHV [
VEDWWHULQJ ULQJ LQ WKH 3 +0 WUHDWHG ILOP
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Figure 2 (a) FTIR spectra of P2ZHM and P2HM/Rnhixture. (b) XPS spectra of bottom side
perovskite films w/o and with P2HM-treateft, d) GIWAX patterns of the bottom side
perovskite film before and after treatment at a grazing incidence angle of 0.2°. Simulations of
(e)P2HM adsorbed on the perovskite slab and and (f) with an | vaganEyn-situ PL spectra

for tracking control and P2HM-trated films during flash vacuum pro¢esd.LQHD U I-L W R
Sir? IRU WKH FRQWrEdROfilhQ G 3 +0

7R HOXFLGDWH WKH DWRPLF OHYHO RULJLQ RI WKH LQWHU
'Y7 FDOFXODWLRQV ZHUH SHRRRBRPHE PVLD VWKIDE(DHG VW
RI 3 40 RQ WKHWX®3BFH ,RGLDIHNIBFMWMFDUH NQRZQ WR SC
QRQUDGLDWLYH UHFRPELQDWLRQ DQG LRQ PLJUDWLRQ Z
7KHUHIRUH RXU FRPSXWDWLRQDO VWXG\ IRFXVH® RQ WKH
GHIHFW FRQWD LBXISBIONRKHFBIY\ )2QXWKH GHIBEFW IUHH VXL
RSWLPL]HG +(0$ PROHFXOH DGRSWV D ELGHQWDWH DGVRUS
2+ JURXSV FRRUGLQDWH ZLWK RHXIKE RXDKIEH PN QWFH\ )LJ
F\LHOGLQJ D ELQGLQJ HQHUJ\ RI H9 7KH LQWHUDFWL
SUHVHQBHVRUIDFH DV LOOXVWUWXWSSGHPHQWXWH)ALY OO G
XQGHUJRHV D FRQIRUPDWLRQDO UHDUUDQJHPHQW WR DG
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DOORZLDHWHRKHQWHUDFW PRUH HITHFWILEY HK\LY LMRRU K QB SR G B
D VXEVWDQWLDOO\ LQFUHDVHG ELQGLQJ HQHUJ\ RI HO9
VXUIDFH LQGLFDWLQJ D SURQRXQFHG WKHUPKRIGA QDWPUR QIL
PROHFXODU SHURYVNLWH LQWHUDFWLRQ HQKDQFHV VX
XQGHUFRRUGLQG VVHDE VBLEY DWHWW O XRIITZKHFK DUH H[SHFWHG
SHUIRUPDQFH DQG VWDELOLW\ RI WKH SHURYVNLWH

7RS YLHZ DQG SHHOHG EXULHG VXUIDFH VFDQQLQJ HOHFW!
WKH 3 +0 WUHDWHG SHURYVNLWH IRUPV D GHQVHU DQG PR
FRQWURO ILOP DFFRPSDQLHG E\ DQ LQFUHDVH LQ WKH D"
JLIXUH J K DQG 6XSSOHPEQRADWYVHFWURQDO 6(0 IXUWKHU
FROXPQDU JUDLQV H[WHQGLQJ DFURVV WKH ILOP WKLF
FU\WWWDOOL]DWLRQ DQG UHGXFHG VWUXFMWXWU3P0 GDWFRQW L
XVHG WR REVHUYH WKH EXULHG VXUIDFH PRUSKRORJ\ Rl Wk

WKH URRW PHDQ VTXDUH URXJKQHVV 506 RI WKH 3 +0 V
WKDQ WKDW RI WKH FRQWURO ILOP QP DQG QP UHYV
ZHWWLQJ EHKDYLR U RQ WIXHWGBHIE UG VBXGS S 0K P HRRWPEW Q MG
REVHUYDWLRQV GHPRQVWUDWH WKDW WKH DGDSWLYH 3 +0
FRPSDFW DQG XQLIRUP EXULHG LQWHUIDFH

TR XQGHUVWDQG KRZ WKH EXULHG LQWHUIDFH UHJXODWHY\
ZDV PRQLVRUMBEWROXPLQHVFHQFH 3/ VSHFWURVFRS\ )L
WKH FRQWURO WKH 3 +0 WUHDWHG ILOP H[KLELWYV D GHOD'
GHFUHDVH LQ EDQG HGJH HPLVVLRQ IROORZHG E\ D JUDG:
JURZWK 6XSSOHPHOWKWHIPD[LPXP 3/ LQWHQVLW\ LV UHDFKH
ODWHU WKDQ WKDW RI WKH FRQWURO ILOP V LQGLFDWL
FU\WVWDO JURZWK 6XFK GHOD\HG FU\VWDOOL]DWLRQ IDYRX
ODUJHU JUDLQV ZLWK UHGAHAHEHBEBMARXWGHY VARV QVLVWHQW
LOWHUIDFLDO LQWHUDFWLRQV EHWZHHQ WKH SUHFXUVRU I
LQFUHDVH WKH QXFOHDWLRQ EDUULHU DQG PRGHUDWH FU\

*UD]LQJ ,QFLGHQFH ; 5D\ 'LIIUDFWLRQ *,;5' DQDO\VLV UH’
GLIIUDFWLRQ SHDN WR ORZHU DQJOHV ZLWK LQFUHDVLQJ V
LQGLFDWLQJ FRQVLOMWWINEOH FRE3NHVYGYGIPMIWURH NG DGR
6XSSOHPHQWDUMK)ILOKWAKWMWBHDWHG SHURYVNLWH ILOP H[KLE
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VKLIW DQG D IODWWHU VORSH3LGXWKH FEHPRYUSROQUGMWQLI J
UHGXFWLRQ LQ UHVLGXDO VWUDLQ

LATXDWLRQV

~ Y,
é L -

ZKHUHY WKH SHURYVNL3IDH PYR & XVOKN 3RLVVRQ V UDWLR RI
7KLV VWUDLQ UHOLHI ZDV DWWULEXWHG WR WKH SUHVHQF
WKH EXULHG LQWHUIDFH ZKLFK FDQ HIIHFWLYHO\ DFFRPPR

Improved Carrier Dynamics and Reduced Non-Radiative Recombination

7TKH LQIOXHQFH RI 3 +0 RQ WKH EXULHG LQWHUIDFLDO HOF
.HOYLQ SUREH IRUFH PLFURVFRS\
HIKLELWV D PRUH KRPRIJHQHRXV VXUIDFH SRWHQWLDO GLV
DFFRPSDQLHG E\ D VOLJKW LQFUHDYVHXSW KRHEFR@IAD\FW SR
LQGLFDWLQJ D PRUH XQLIRUP LQWHUIDFLDO HQHUJ\ ODQ

6XSSOHPHQWDU\ )LIJXUH

Control

600 700 800 900 700

Wavelength / nm Wavelength / nm

Figure 3KPFM images of the (a) Control and (b) P2HM-treated film (bottom side) measured
for same area of Supplementary Figure 12. (c) Energy-level diagrams of FTO/4PABCz,
FTO/4APABCz/P2HM and perovskite films.
FTO/4PABCz/perovskite and FTO/4APABCz/P2HM/perovskite films. TPV (f) and TPC (g)

decay curves of control and treated devices.
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S8OWUDYLROHW SKRWRHOHFWURQ VSHFWURVFRS\ 836 IXUW
KLJKHVW RFFXSLHG PROHFXODU RUELWDO +202 OHYHO RI
EULQJLQJ LW FORVHU WR WKH YDOHQFH EDQG PD[LPXP RI \
6XSSOHPHIQWDH\ 7KLY PRUH IDYRUDEOH HQHUJ\ OHYHO DC
WUDQVIHU DFURVV WKH EXULHG LQWHUIDFH ZKLOH SUHVHU
FRQILUPKOGOWEIDYLROHW WLSVHFEVO b FEVESRSEL NV P HQ W D MY K H
REVHUYHG HQHUJ\ OHYHO PRGXODWLRQ LV DWWULEXWHG W
WKH K\GUR[\O ULFK 3 +0 OD\HU ZKLFK DOWHUV WKH ORFDC
VXUIDFH

7KH LPSDFW RI WKH DGDSWLYH EXULHG LQWHUIDFH RQ FK
LQYHVWLIJDWHG E\ WUDQVLHQW DEVRUSWLRQ VSHFWURVFR:
VDPSOHV H[KLELW D FKDUDFWHULVWLF JURXQG VWDWH
DSSUR[LPDWHO\ QP )LIXUH G H DIRoWEOXESO WKHQ3V-HBIU W)U
ILOP VKRZHG D VORZHU *6% UHFRYHU\ WKDQ WKH FRQWURC

xQP VKRZHG WKH NLQHWLFV RI WKH GLIITHUHQWLDO R
SKRWREOHDFKLQJ EDQG FHQWHU 6XSSOHPHQWDU\ )LJXUH
2I1URP SV WR SVLQGLFDWHY WKDW WKH LQWHUIDI
LV HQKD/@EDGH ™7KH DFFHOHUDWHG FKDUJH WUDQVIHU LV DFF
UHFRPELQDWLRQ DV IXUWKHU HYLGHQFHG E\ HQKDQFHG \
SURORQJHG WLPH UHVROYHG SKRWROXPLQHVFHQFH 753/
7TDEOH 6

'"HYLFH OHYHO FDUULHU G\QDPLFV ZHUH IXUWKHU HYDOXD
WUDQVLHQW SKRWRYROWDJKUHRIKHPHBDWXOWN MXWRY HG WKDYV
OLIHWLPH GHFUHDVHG IURP —V FRQWURO WR —V
HIWUDFWLRQ FDSDELOLW\ ,Q FRQWUDVW WKH ILWWHG 739
FRQWURO WR &SRO OWRWDWHIB WKHVH UHVXOWY GHPR
DFWLYDWHG 3 +0 EXULHG LQWHUIDFH VLPXOWDQHRXVO\ RS
G\QDPLFV HQDEOLQJ IDVWHU KROH HIWUDFWLRQ ZKLOH HII

Device photoelectric performance

‘H QH[W HYDOXDWHG WKH SKRWRYROWDLF SHUIRUPDQFH RI
D PROHFXODU FRQILQHPHQW LQWHUIDFH ZLWK WKH GHYLF|
3DVVLYDWLRB&BHHU)BRIXBBOGHU RSWLPL]JHG FRQFHQWUDWL
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PJP/ 6XSSOHPHQWDU\ )LIXUH WKH GHYLFH DFIKWKYHG W
KLJK ILOO IDFWRU DYP&RRBHQ FLUFX®%W RROWDBJHLJXUH E
VXEVWDQWLDOO\ RXWSHUIRUPLQY WKH SRQWUR®D GHWLFH
WUHDWHG GHYLFH DOVR H[KLELWHG OHVV K\WWHUHVLV 6
3 +0 WUHDWHG GHYLFH DFKLHYHG DQ LQGHSHQGHQW FHUW
YLIXUH

(a)

Control

% P2HM
Control * 1 /
*— P2HM + /
\‘ 8/ /
| 5 /
| ¢
| 3 64
. g \
B 44
PCE 271.25% | \
24
0

~~
=
N
3
4
-
2
SN
3 ®

N
ES

N
=]

o
.

Current density / mAcm™
N

84
FF 86.81 |
44 Voo 12V |
Jse 26.17 mA cm*

0

00 02 04 06 08 10 12 23 24 25 26 271 28
Voltage / V PCE /%

@) =

24

FF S-Q limit

20
&
~ 16
w

Non-radiative loss

o Control @ 1.04V
a 124 * P2HM @1.08V

84

X 88

® & o
)
SN
-,
.

.

N

»
P
—h
=
©o

N

Current density/(mAcm)

&£ © @ N

|

| : w

1] 9 w 87 s
‘u ts 3‘“ 1 Charge wansport 952

—an
41 -

NN
@

Control 25.12 4 r4
——P2HM 2555 % 83

0 T 0
300 400 500 600 700 800 900
Wavelength / nm

0
0 100 200 300 400 500 600
Time /s

4 - T
Control P2HM

Figure 4 (a) Device architecture of P2HM-contained PSB) J#/ curves of the best-
performing devices measured under reverse scan diref)oRCE statistical distribution of
Control and treated device@&l) The corresponding SPO efficiency under their maximum

SRZHU SRLQW YROWDJH [d)#OEspatticDofF thd chdmpRriJcontroPdn@
treated devicegf) FF loss analysis.

6WDWLVWLFDO DQDO\VLV IXUWKHU FR @bk WDRY/G FPRIQRALW WFH Q ¥
FXUUHQW-66 HDFWIRMIV PXOWLSOH GHYLFHV GHPRQVWUDWLQJ
F DQG 6XSSOHPHQWINUVKRZQUHQ )LIXUH G WKH GHYLFH
PDLQWDLQV D VWDEOH SRZHU RXWSXW 632 FIRPSDUM& D
ZLWK IRU WKH FRWIURWHSHBWHRE IURP WKH H[WHUQI
HIILFLHQF\ (4( VSHFWUXP IRU WKH W)LH R WH GHG HFYR.@ W LMV H
WKHIFKDUDFWHULVWLFV )XUWKHUPRUH ZH YHULILHG WKH I
GHYLFHV 7KH 3&( LQFUHDVHG IURP FRQWURO WR

E\ D VLIJQLILFDQW))LRBBRYHPH@MR LQ%:IDQB 9 V@R
6XSSOHPHQWDU\ )LIXUH ORUHRYHU D KLJK HIILFLHQF\
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PRGXOHYV ZLWK DQ DUHD RI FPd 6XSSOHPHQWDU\ )LIJXU
3 +0

7R HOXFLGDWH WKH RULJLQ RI)) HQKDQ F 5:REHDWH VDR @H.G K \
7KH LGHDOLW\ IDFWRU Q ZDV GHULYW & KREINSISW K A HHOTW D W
JLIXUHFRPSDUHG WRNFRQWHKR® +0 WUHDWHG GHYLFH H[KLE
IDFWRUNRIT ZKLFK LV FORVH WR LQGLFDWLQJ D PRUH HIIH
UHFRPELQDWLRQ :H TXDQWLILHG WKH )) LPSURYHPHQW UF
OLPLW E\ DQDO\VLQJ ORVVHV IURP ERWK QRQ UDIGIDOMILYH |
| WKH PD[LPXP WKHRU HY LFCD®D B HOF® OFFKWRW H)G XVLQJ WKH

fk2?jlieks> 4€;
€k2>5

((a0el

ZKHWYH T2 QA 7KH gp{RI WKH 3 +0 WUHDWHG GHYLFH UHDFKHYV
WKDQ WKDW RI WKH FRRRQUROPERYLWKDW 3 +0 PRGLILFDWL
VXSSUHVVY QRQUDGLDWLYH UHFRPELQDWLRQ DQG LPSURYH

7KLV LQWHUSUHWDWLRQ LV IXUWKHU VXSSRUWHG E\ HOHF
ZKLFK VKRZV WKDW WKH UHFRPEW® B V2 L-R0Q WHHN/D WW G QGFHHY L5
QHDUO\ DQ RUGHU RI PDJQLWXGH KLJKHU WKDQ Wtk
6XSSOHPHQWDU\ )LJXUH GHPR@¥WHDWLQJ VWURQJO\ VX
UHFRPELQBWERWLRQDOOA9 XK HB/DUBNXSSOHPHQWDU\ )LJXU
VXSSRUWHG WRKWHDISQGHQMWOWXHY ZHUH TXDQWLILHG XV
FKDUJH OLPLWHG FXUUHQW  X\WBRQO& KPRHOWHK R G O\ GH
)72 3%$%&] 3 +0 3BHURYVNLWH 37$$ $J 7KH YDOXHV ZHUH |
UHSRUSWHGO KRZOXEQOHPHQWDU\ )2 WOUWUHDWKE GHYLFH HJ
PDUNHGO\ GLPLQLWRHG HOHPWUFR@QWUDVWHG EPWRU
WKH FRQWUR®@IGHPLEY WKH UHPDUNDEOH UROH RI 3 +0 LQ
VWDWHYV

Space Compatible Stability Improvement by P2HM

)LEQDOO\ ZH LQYHVWLIDWHG ZKHWKHU WKH WKHUPDOO\ DG
HIWUHPH HQYLURQPHQWDO VWUHVVHV UHOHYDQW WR VSD
,626 VWDELOLW\ SURWRFROV PRUH DJJUHVVLYH WHVWLQJ F
WKHUPDO DQG UDGLDWLRQ HRYLARRB O HRMM WG FR& X RQUADHEUDHAG,
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ZLWK HOHFWURGH FRUURVLRQ WKH %&3 DQG $J OD\HUV ZH!
QP $X OD\HU GHSRVLWHG E\ DWRPLF OD\HU GHSRVLWLRQ
LPSURYHG FKHPLFDO D QKHWKIWRDIOS Y WIWEHOGEMYXLFHY ZLWK
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Figure 5 (a) Thermal stability of Control and P2HM-treated perovskite films. The PCE change
of control(b) and treated filn{c) after thermal agindd, e)In-situ PL spectraf Control and
P2HM-treated films tracking at 10®. (f) TC durability (-60°C - +100°C) of encapsulated
modulus.(g) MPPT of UV exposure stability of unencapsulated devices in dry(lajrXPS
spectra and SEM images of control and treated films (bottom side) after UV &QiStprage
stability of unencapsulated devices under N

'H

ILUVW HYDOXDWHG WKH KLIJK WHPSHUDWXUH GXUDELOLYV

QLWURJHQ H[FHHGLQJ WKH WHPSHUDWXUH UHTXLUHPHQW

K RI

FRQWLQXRXV WKHUPDO DJLQJ

WKH 3 +0 WUHDWHG Gt

VXEVWDQWLDOO\ KLJKHU WKDQ WKH FRQWURO GHYLFH
IRUPHG DW WKH SHURYVNLWH LQWHUIDFH GXULQJ FRC

DUH

LQWHUIDFH $®DRDYHV RI

WKH SKRWRYROWDLF SDUDPHWHU'
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SULPDULO\ DVVRF LD KHHIGH b VWHKRR)@ORAMDUG FRPSDUDWLYHO\
JLIXUH E F DQG 6XSSOHRHQWHBKDYLRAUHQGLFDWHYV WKDW
PDLQO\ RULJLQDWHYV IURP LQWHUIDFH GHWHULRUDWLRQ D
UDWKHU WKDQ EXON RSWLFDO @H RUDWBM LBRQ0 \WQUW I WHNGN
LQFUHDVHG VOLJKWO\ DIWHU DJLQJ VXJJHVWLQJ WKDW WK
HITHFWLYH FRRUGLQDWLRQ ZLWK LQWHUIDFLDO GHIHFWV G

7R GLUHFWO\ H[DPLQH WKH HYROXWLRQ RI WKH SHURYVNL
OHYHO VSOLWWLQJ 4)/6 PHDVXUHPHQWY ZHUH SHUIRUPHC

HIKLELWYV D KLJKHU 4)/6 RI 9 FRPSDUHG ZLWK 9 IRU
f& WKH 4)/6 YDOXHV GHFUHDVH WR DQG 9 Ul
UHGXFWLRQV RI RQO\ DQG 6XSSOHPHQWDU\ )LJXU

6(0 LPDJHY UHYHDO VHYHUH PRUSKRORJLFDO GHWHULRUDYV
FRQWURO ILOP DIWHU WKHUPDO DJLQJ ZKHUHDV WKH 3 +C
SUHVHUYHG 6XSSOHPH@WDGLWMIIKQHZH @RYXWRBUYUHR® WDKR I
SHURYVNLWH ILOPV GXULQJ WKHUPDO DJLQJ RQ D KRWSOI
3 +0 WUHDWHG ILOPV H[KLELW D VBIRQZGE & XIIPS/DOHH RH GW B D\ ))L

7TKHVH UHVXOWY GHPRQVWUDWH WKDW WKH DGDSWLYH
GHIHFW JHQHUDWLRQ DQG VWUXFWXUDO GHJUDGDWLRQ DW

7KH WKHUPDO IDWLJXH UHVLVWDQFH ZDV VXEVHTXHQWO\
GHVLJQHG WR PLPLF WKH VHYHUH WKHUPDO IOXFWXDWLRQ
(QFDSVXODWHG GHYLFHV ZHUH VXEMHFWHG WR UHSHDWHG
KHDWLQJ DQG FRROLQJ UDWHV FRQWUROOHG DW DQG
NHSW DW  f& IRU PLQ DQG DW f& IRU PLQ 7KLV DF
PRUH GHPDQGLQJ WKDQ WKH ,626 7 VWDQGDUG WR  f
WKHUPDO VKRFN FRQGLWLRQV $IWHU F\FOHV WKH 3 +0
HIILFLHQF\ ZKHUHDV WKH FRQWURO GHYLFH GHJUDGHG WR
7KH GRPLQDQW GHJUDGDWLRQ DJDLQ RULJLQDWHV IUF
UHGXFWLRQ IRU WKH 3 +0 GHYLFH FRPSDUHG ZLWK IR U
YLIXUH 7KLV HQKDQFHG WKHUPDO IDWLJXH UHVLVWDQF}
FRXSOLQJ SURYLGHG E\ WKH YLVFRHODVWLF 3 +0 OD\HU :
H[SDQVLRQ DQG FRQWUDFWLRQ ZKLOH PDLQWDLQLQJ LQW
PHDVXUHPHQWY DIWHU WKHUPDO DJLQJ UHYHDO LQFUHDVH
ZKHUHDV WKH FRQWURO LQWHUIDFH VXIIHUV IURPKBIGKHVL
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DEXQGDQW 2+ DQG & 2 JURXSV ZLWKLQ 3 +0 HVWDEOLVK VYV
WKH SHURYVNLWH VXUIDFH UHLQIRUFLQJ WKH PHFKDQLFDC

%H\RQG WKHUPDO VWUHVVHVY WKH LQIOXHQFH RI XOWUDYL
LOOXPLQDWLRQ FRQGLWLRQV 'LUHFW SKRWRO\VLV RI WKH
SHURYVNLWH GQIBHGPERQWQQXRXV PD[LPXP SRZHU SRLQW

QP 89 VRXUFH FRUFP GD\V WKH 3 +0 WUHDWHG GHYLFH

LQLWLDO HIILFLHQF\ DIWHU GD\V ZKLOH WEXHUARRQWURC
)XUWKHUPRUH :36 WHVWLQJ ZDV XVHG WR FRPSDUH WKH F
EHIRUH DQG DIWHU 89 WHVWLQJ &RPSDUHG WR WBH UHVX
ODUJHU HQHUJ\ VKLIW DQG IDQGUKDWHQJILR FRRHLCHV B UDVIE F |
3EHOHPHQW KLIXQUGIFDEKH LPDJHV DOVR VKRZ QXPHURXV Y
LQWHUIDFH RI WKH FRQWURO GHYLFH DIWHU DJLQJ 7KHVH
VLPXOWDQHRXVO\ VWDELOL]HVY WKH FKHPLFDO HQYLURQPH
WKH EXULHG LQWHUIDFH HIIHFWLYHO\ PLWLJDWLQJ PXOWL!
FRQGLWLRQV

7KH VWRUDJH VWDELOLW\ RI XQHQFDSVXODWHG GHYLF
3 +0 3BHURYVNLWH 3DV VVAD WL RAH OB \WKWFRUGHG LQ WKH JOR
$IWHUK WKH GHYLFH EDVHG RQ 3 +0 OD\HU UHWDLQHG
GHYLFHV EDVHG RQ FRQWURO UHWDLQHG RI WKHLU RULJ
RSHUDWLRQDO VWDELOLW\ E\ FRQGXFWLQJ FRQWLQXRXV R
033 XQGHU RQH VXQ LOOXPLQDWLRQ 7KH 3 +0 WUHDWH{
HIILFLHQF\ DIWHU K ZKHUHDV WKH FRQWURO GHYLFH HI[S
HIILFLHQF\ ZL&WKSISDHPKQWDU\ )LIXUH

&RQFOXVLRQ

,Q VXPPDU\ ZH GHYHORS D WKHUPDOO\ DGDSWLYH EXULH
WUDQVLWLRQ UHIJXODWHG 3 +0 OD\HU EHWZHHQ WKH 6%0V
PROHFXODU UHFRQVWUXFWLRQ RI 3 +0 HQDEOHV G\QDPLF F
VXSSUHVVHYV VWUHVYV LQGXFHG GHIHFW IRUPDWLRQ DQG V
DQG FKDUJH H[WUDFWLRQ 7KLV DGDSWLYH LQWHUIDFH VW
KLJK HIILFLHQF\ RI DQG H[FHSWLRQDO GXUDELOLW\
PDLQWDLQLQJ RI WKH LQLWLDO HIILFLHQF\ DIWHU UD S
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KHDWLQJ DW f& DQG DIWHU DFFHOHUDWHG 89 LU
WKHUPRUHVSRQVLYH EXULHG LQWHUIDFHV DV DQ HIIHEWLY
VWDWLF LQWHUIDFH HQJLQHHULQJ DQG DGYDQFLQJ HIILFL}
HIWUHPH WHUUHVWULDO DQG VSDFH DSSOLFDWLRQV

OHWKRGYV

ODWHULDOYV

$00 PDWHULDOV ZHUH REWDLQHG IURP FRPPHUFLDO VXSSO
$ 7 ZDV SXUFKDVHG IURP 6KDQJ <DQJ 7HFKQRORJ\
PHWKDFU\ODWH 3 +0 ZDV SXUFKDVHG IURP ODFNOLQ &DH?
‘062 GLPHWK\OIRUPDPLGH '0) FKORUREHQ]HQH &%
LVRSURS\O DOFRKRO ,3% ZHUH SXUFKDVHG IURP 6LJPD $
PHWK\ODPPRQLXP LRGLGH 0%, DQG IRUPDPLGLQLXP LRGI

*UHDWFHOO FRPSDQ\ SURS\OGLDPPRQLXP GLLRGLGH 3'$
K\GURLRGLGH 073%, ZHUH SXUFKDVHG IURBKH®@@ <XUL+6R
> ELFDUED]J]RO@ \O EXW\O SKRVSKRQLF DFLG 3$% &]

+XD=KRX &KHPLFDXOD&QRKE EMWEKRFXSURLQH %&3 ZHUH SXU
SRO\PHU OLJKW FRPSDQ\ZDH\DRBEWGLGHG 3BRP 7RN\R &KHPL]
/WG -3 $00 FKHPLFDOV XVHG LQ WKLV ZRUN ZHUH FRPF
UHFHLYHG

SUHSDUDWLRQ RI SUHFXUVRUV

6WRLFKLRPHWURF FRRASBVIOWMLBBRSUHFXUVRU VROXWLRQ ZD\

GLVVROYLQJ xPJ Rl YZLWK xPBH[FHHO@PRXQWI 03, DQG
0$&0 xPR®HUH GLVVROYHRBILM PL[HG VROXWLRQ RI '0) D¢
'0) '062x x JRU 3 +0 PL[WXUH VROXWLRQ xGLIIHUHQW ZH

ZHUH DGGHG LQWR (W2+ 7KH 6%$0 VROXWLRQ ZDV PDGH E\ !
(W2+ 7KH SRVW WUHDWPHQW VROXWLRQ ZDV SUHSDUHG E!'
3'$', LQ xP/ ,3% &% PO O/ "B OXQWRQV ZHUH VWLUUHG D\

xK DQG ILOWHUHG WKURXJK P 37)( ILOWHUV EHIRUH X
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J)DEULFDWLRQ RI 36&YV

7KH SUH SDWWHUQHG )72 VXEVWUDWHY ZHUH FOHDQHG E\ \
DFHWRQH DQG HWKDQRO IRU PLQ VHTXHQRZ DTKHQ IR ®@ 8
VXEVWUDWHYVY ZHUH Q\DMPIDWHRGD @ GWW UD Q V | HADUWDHHES W R RIY HE |
LPPHGLDWHO\ 7KH 3%$%&] ZDV VSLQ FRDWHG DW USP IR
IRU PLQ 7KH 3 +0 VROXWLRQV ZHUH VSLQ FRDWHG RQW|
VSHHG RI USP IRU V DQG DQQHDOHG DW fé&
&V )$ 0$ 3E,SUHFXUVRUV ZHUH GHSRVLWHG RQ WKH VXEVW
SURFHVV USP IRU V DQG WKHQ USP IRU V $W Wit
—/ Rl &% ZDV GURSSHG 7KHQ WKH DV SUHSDUHG SHURYVN

«IRU PLQ )RU SDVVLYDWLRQ —/ RI 3'$', 037%, VROX
FRDWHG RQWR WKH SHURYVNLWH ILOPV DW USP IRU \
J)LQD\O QP & QB&DQG QP $J ZHUH VHTXHQWLDOO\ GHSR\
ILOPV E\ WKHUPDOUHIYDSRUNWERRQPLOKDPEHU LQWHJUDWHG |
7KH GHYLFH KDV DQFAPFWRYHMVBEHHBDRD UMODWHG DQG 89 VW
UHSODFHG E\ 6Q2[ xQP GHSRVLWHG YLD DWRPLF OD\HU C

J)DEULFDWLRQ RI 36&V PRGXOHYV

7KLV PRGXOH VKDUHV D VLPLODU VWUXFWXUDO GHVLJQ ZLW
GLIIHUHQFH O\LQJ LQ WKH IDEULFDWLRQ SURFHGXUH ODVH
FRQILJXUDWLRQ FRPSULVLQJ ILYH VXEFHOOV )RU WKH 3
VXEVWUDWHY ZHUH SURFHVVHG YLD D QP ODVHU WR IRU
%HIRUH XVH WKH VXEVWUDWHY ZHUH XOWUDVRQLFDOO\
GHLRQL]HG ZDWHU DQG HWKDQRO ZLWK HDFK FOHDQLQJ
SURFHVV ZDV SHUIRUPHG VXEVHTXHQW WR WKH DWRPLF OI
QP ODVHU ZDV HPSOR\HG IRU 3 SDWWHUQLQJ WR VWULS W
H[SRVH WKH XQGHUO\LQJ ,72 HOHFWURGH \LHOGLQJ 3 OLC
QP WKLFN FRSSHU ILOP ZDV GHSRVLWHG E\ WKHUPDO HY
QP ODVHU WR IRUP SDWWHUQHG OLQHV ZLWK D ZLGWK |
PHDVXUHG WR EH P FRUUHVSRQGLQJ WR D JHRPHWULF
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,Q WKH IDEULFDWLRQ RI IOH[LEOH VRODU PRGXOHV WKH S
DUH LGHQWLFDO WR WKRVH XVHG IRU ULJLG VRODU PRGXOF
ZLWK D VKHHW UHVYVBRI@GEAHGRWR JODVV RI WKH VDPH DUH
$IWHUZDUGY WKH ODPLQDWHG 3(7 ,72 LV SDWWHUQHG ZLW
DW D UHSHWLWLRQ IUHTXHQF\ RI N+] DQG ODVHU SRZHU |
6 XEVHTXHQWO\ D JUHHQ SLFRVHFRQG ODVHU ZLWK SRZ
DGRSWHG IRU 3 VFULELQJ RI DOO OD\HUV LQFOXGLQJ WKH
ZLGWK RI P )LQDOO\ IROORZLQJ VSXWWHULQJ RI WKH &>
YLD D JUHHQ SLFRVHFRQG ODVHU VHW WR SRZHU DQG D
3 VFULELQJ ZLGWK RI P 7KH VSDFLQJ EHWZHHQ 3 DQG -

P DQG WKH JHRPHWULF ILOO IDFWRU RI WKH PRGXOH ZD

&KDUDFWHUL]DWLRQV

7KHO9FXUYHV RI WKH 36&V ZHUH PHDVXUHG XVLQJ DO.GIH® KO
JORYHER[ DW URRP WHPSHUDWXUH XQGHU $0 * FHROIGLWLF
FDOLEUDWLRQ ZDV SHUIRUPHG XVLQJ D VWDQGDUG 6L VROL
LV D ZDWW [HQRQ ODPS 2ULHO VRODU VLPXODWRU :
FP GHILQHG E\ D PHWDO DSHUWXUH ([WHUQDO 4XDQWXP
FDUULHG RXW EA(WKHMUWBRPWHFKHU QHDU GDUN FRQGLWLR(
FDORULPHWU\ '6& ZDV FRQGXFWHG E\ '6& 7% LQVWUXI
VHEWLRQDO VFDQQLQJ HOHFWURQ PLFURVFRSH 6(0 LPD.
UHVROXWLRQ VFDQQLQJ HOHFWURQ PLFURVFRSH +LWDFKL
N9 7KH ; UD\ GLIIUDFWLRQ :5' VSHFWUD ZHUH UHFRUGHG [
$GYDQFH ZLWK D PRQRFKURPMWDRL®A LI FELEHQFRIXUBB\ G
* 5' PHDVXUHPHQWY ZHUH SHUIRUPHG XVLQJ DQ ; 3HUW 3
7KH 1HWKHUODQGV HTUDGSSB® IZRQ/ K DX&XH ..v C L.V
c .. c RSHUDWHG DW N9 DQG P$ 7KH *UD]LQJ L
VFDWWHULQJ *,:$;6 ZDV SHUIRUPHG DW WKH 6KDQJKDL 6\C
XVLQJ DQ ; UD\ ZLWK D ZDYHOHQJWK RI c 80OWUDIDVW V
ZDV FDUULHG RXW XVLQJ D +$53,$ 7$ VIVWHP /LJKW &RQY
UHSHWLWLRQ UDWH RI N+] ZLWK DQ DYHUDJH ODVHU

SKRWROXPLQHVFHQFH 3/ VSHFWUD ZHUH PHDVXUHG LQ L
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SKRWROXPLQHVFHQFH VSHFWURPHWHU (GLQEXUJK )/6

ILOP VQBIHN X 3/ PHDVXUHPHQWY ZHUH FDUULHG RXW XVLQJ |
)X[LDQJ 2SWLFDO &R /WG DQG WKH PRGHO RI WKH VSH
SKRWRHOHFWURQ VSHFWURVFRS\ ;36 PHDVXUHPHQWYV ZH!
8+9 FRQGLWIPE@W XVLQJ D PRQRFVRMRPFHWKF $O . H9 RQ
(6&% 65 KLIJK WKURXJKSXW VSHFWURPHWHU 8OWUDYLROF
PHDVXUHPHQWY ZHUH SHUIRUPHG RQ D 1H[VD VSHFWURPHW

D+H , XOWUDYLROHW VRXUFH H9 ZLWK D VSRW VL]H F
i PEDU 7KH YDOHQFH EDQG VSHFWUD DQG ZRUN IXQFV
D VDPSOH ELDV RI'i RUi 9 UHVSHFWLYHO\ $WRPLF IRUFt

NHOYLQ SUREH IRUFH PLFURVFRS\ .3)0 PHDVXUHPHQWV Z
%UXNHU OD[LPXP SRZHU SRLQW 033 WUDFNLQJ ZDV WH

FP ZLWKRXW 89 ILOWHU 6DPSOHV ZHBH BQGRHUU GIQXPURRQV
x“x f& ZLWKRXW DQ\ HQFDSVXODWLRQ

'Y7 &DOFXODWLRQV

$O00 HOHFWURVWDWLF SRWHQWLDO (63 FRPSXWDWLRQV Zt
& VXLWH 7KURXJKRXW WKH VWXG\ WKH 3%( K\EULG H
HPSOR\HG WRJHWKHU ZLWK *ULPPHYfV ' GLVSHUVLRQ FRU
Y7 " %- *HRPHWU\ RSWLPL]DWLRQV DQG YLEUDWLRQDO D
GHI 693 EDVLVLYBWH SRLQW HOHFWURQLF HQHUJLHV ZHUH
GHI 7=93 EDVLV VHW (63 VXUIDFHV ZHUH YLVXDOL]JHG ZLW
VRIWZDUH

7KH ILUVW SULQFLSOHV ZHUH HPSOR\HG WR FDUU\ RXW WKI
VSLQ SRODUL]JHG ')7 FDOFXODWLRQV ZHUH SHUIRUPHG ZL
H[FKDQJH FRUUHODWLRQ IXQFWLRQDO LQ D SODQH ZDYH ¢
9LHQQD DE LQLWLR VLPXODWERR SDRMBFMARUIDOARIPHQWHG
PHWKRG ZDV HPSOR\HG WR GHVFULE K LMKH DF B OB WD DBIYOH F
HQHUJ\ RI H9 (OHFWURQ VPHDULQJ ZDV HPSOR\HG WKU!
ZLWK D VPHDULQJ ZLGWHK RISRLQMO PAKK ZDV XVHG LQ DOO
VDPSOH WKH %ULOORXK® NIDMH GOWHDDDWLRQFHHYBY FRQ
FDOFXODWLRQV YLD WKH ')7 ' FRUUHFWLRQ PHWKRG 7KH
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VHOIl FRQVLVWHQW LWHHNDODWDLRG WKW \PHD\WLRPKP IRUFH RQ H
FRQVWUDLQHG WR EH OHVV WKDQ H9 ¢ 7KH VSLQ SRODL

$FNQRZOHGJIJHPHQWYV

7KH DXWKRUV DFNQRZOHGJH IXQGLQJ VXSSRUW IURP WKH
&KLQD 1R DQG 1R 6KDQJKDL VFLHQFH DQG W
sobpQ 1R '= DQG 6KDQJKDL 6FLHQFH DQG 7THFKQROR
6SHFLDO 3URMHFW IRU 6XSSRUWLQJ &DUERQ 3HDN &DUERQ

‘H WKDQN WKH VWDII PHPEHUV DW %/ 8 EHDPOLQH RI WKH
LQ 6KDQJKDL 1)36 6KDQJKDL $GYDQFHG 5HVHDUFK ,QVWLYV
SURYLGLQJ WHFKQLFDO VXSSRUW DQG DVVLVWDQFH LQ GD\

&RQIOLFWYV RI LQWHUHVW

7TKHUH DUH QR FRQIOLFWYV WR GHFODUH

&RQWULEXWLRQV

5: FRQFHLYHG WKH LGHD GHVLIJQHG WKH H[SHULPHQWYV
FKDUDFWHUL]DWLRQ DQDO\WHG WKH GDWD DQG ZURWH W
SHURYVNLWH PRGXOHYV DQG KHOSHG ZLWK VWDELOLW\ WHYV
SHURYVNLWH VRODU FHOOV + = SHUIRUPHG WKH & $)0 PH
FKDUDFWHUL]DWLRQ '/ SHUIRUPHG WKH 766PPHDVXUHPHQ
PHDVXUHPHQWY 4 * LKHOBEXPGH ZVWHKHWKBRBWY 7/ DVVLVWHG
HYDSRUDWLRQ SURFHVV 6 + RIIHUHG KHOS ZLWK ;5" FKELC
*,:$,6 FKDUDFWHUL]DWLRQ -: KHOSHG ZLWK FU\VWDOOL]D
VXJIHVWLRQV IRU WKH PDQXVFULSW <= VXSHUYLVHG WKI
DQG FRQWULEXWHG WR WKH UHYLVLRQ RI WKH PDQXVFULSYV
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SHIHUHQFHYV

OLDR HW DO HQWURS\ UHJXODWLQJ PROHFXODU ORFN V
KDOLGH SKHBRNYRNHWH
X : HW(DBFWURQLF UHVRQDQFH HQKDQFHGLPROXHFHXOH

/L HWAXO®VL UDQGRP RULHQWHG PROHFXODU FRQWDFW
ZLWK LPSURYHIDWIIIBHUQ F\

-LQQRHW ©DXOONUDWKLQ 3HURYVNGWH 76RROMIID GFHID Q@ DE WK
YOH[LEOH 5DGLDWLRQ(5HVAR/QVEGW 30ODVWLF 6XEVWUDW
*XR HW$DDXLGHG GHVLJQ RI HIILFLHQW SHURYVNLWH VF

f FLHQFH

/HH ®G{W TRZDUGY VSDFH FRPSDWLEOH SHURYVNLWH VR
VKREFN UHVLOLHQFH DQG QHPWUYSDPEWULERQORRIQ WHVW

7HVWLQJ $ 6 | B6LPXODWLRQ 0 & (6WD®@GDUEFKR®I
FRQVWDQW DQG JHUR DLU PDVV VRO$AEF 0/ SGWW U QD WILR

%XVK HW6EB®FH HQYLURQPHQW FRQVLGHUDWLRQV IRU !
$ UHYSAWD $VWURQDXW

<XQ HW DWHUIDFLDO VWDELOLW\ RI RUJDQLF EDVHG K
SKRWRYROWDLFV IRU VSDFH&RIPNPH \PKHUPDO HQYLURQP

12%$% 67$5 12$$ VDWHO KMWHS VG DWEF QHVGLYV QRDC
LQGH[ SKS!
(& KWWSV ZHEVWRUH LHF FK HQ SXEOLFDW

JHL BW @MURQJ ERQGLQJ KROH WUDQVSRUW OD\HUV U
SHURYVNLW H FLRI@MIFH FHOOV

/JLX 'HW E@MUDLQ DQDO\VLY DQG HQJLQHHULQIDW KDOL
ODWHU

%DPLVLOH 2 $FHQ & &DL ' +XDQJ 4 6WDIIHOO
DIIHFWLQJ VRODU SKHRGHMHRZ' REXW W DR ® X {QSDUOW\ 5HY

‘X / HWS5MYLOLHQFH SDWKZD\V IRU KDOLGH SHURYVNLW
F\FOUQW 5HY ODWHU

“KRQJHW RPRJHQL]LQJ RXW RI SODQH VWUDLQ GLVWU
IOH[LEOH SHURYVNAFYH SXRWRF ROWDLFV

(UGLOHV8 'BODPLQDWLRQ Rl SHURYVNLWH VRODU FHOOV
WHYQHUJ\ 7HFKQRO

'LRQJ HW(DBIFWURGHSRVLWHG VHOI DVVHPEOHG PROHFX
1DWXUH

&KHQ HW EDMUHVYV HQJLQHHULQJ IRU PLWLJDWLQJ WKHU
SKRWRY RONOLHFWI\ /HWW

/L HWG6DMDELOL]JHG KROH VHOHFWLYH OD\HU IRU KLJK S
V R O D U6 F HO@NH

/ILX HW ®O/SODFHG GLSROH HQJLQHHUHG UHSDLUDEO
IOH[LEOH SHURYVNLWH VRODU FHOO ZLWK H[ARB@OHQW
&RPPXQ

=KDR HW :DGH WHPSHUDWXUH UDQJH IOXLG SKDVH JUDL
UREXVW SHURYVINOWH3KR®RQ FHOOV
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=KDQJHW IXRWRVZLWFKDEOH LVRPHUV WR LPSURYH JL
SHURYVNLWH VRODU FHOOV VYPWDE(QHWI\XQGHU OLJKW
KWWSV GRL RUJ Vv ]

6KDR H&/6DMOUDLQ UHOHDVH YLD JODVV WUDQVLWLRQ WH
VWDEOH SHURY \$GLYW BDWRHODD U FHO OV

/L /HW BOULHG ,QWHUIDFH &KHODWLQJ OROHFXODU %
(IILFLHQW DQG B6WDEOH ,QYHUWSEY 3BDWWUNLWH 6RC
KWWSV GRL RUJ DGPD

X <HW&KMHPLFDOO\ FRXSOHG GXDO LQWHUIDFH VHOI UH
1DW &RPPXQ

BRQJ HW %BXOULHG LQWHUIDFH PRGLILFDWLRQ IRU KLJK S
SHURYVNLW I Q/RHYD & KHP O,\HN (G

=KDQJHW ,PSURYHG IDWLJXH EHKDYLRXU RI SHURYVNLW
VWDUFK+SRO\LRGLIBMW BXRMWWRQD\HU

<LOPDJHW IHWRYVNLWH VRODU FHOOV ZLWK HQKDQFHG
HIWUHPH WHPSHUDW X&RPPYQLQJ

/L *HW+ROKO\ HIILFLHQW SLQ SHURYVNLWH VRODU FHOO
6FLHQFH

=KDQJHW TX®IUPR(OHFKDQLFDOO\ 5REXVW ,QYHUWHG 3H
([ WUHPH (QYLMRQPHQWW ODWHU

'RQJ WW ®HO| DVVHPEOHG ELOD\HU IRU SHURYVNLWH
WROHUDQFH DJDLQVIWW KHWPDO VWUHVVHV

=KDQJHW ,OVLWX G\QDPLF UHJXODWLRQ RI VWUDLQ D\
SHURYVNLW H DAR OB®KRMRID V

3HQJ HW (Q@DUJLQJ PRPHQW DQG UHJXODWLQJ RULHQW!|
IRU HIILFLHQW LQYHUWH®WHERFFXQWH VRODU FHOOV
<H &WOMUXFWXUDO G\QDPLFV RI PHOWLQJ DQG JODVV
K\EULG SHURWYV KERW R XQ

7VLRSWVLDV & 7KHUPRFKHPLFDO WUDQVLWLRQ LQ QRC
RI ODWHQW GBRRPSHRUALWLRQ

‘LOOLDPV 0 / /DQGHO 5 ) )JHUU\ - ' 7KH WHPSHUD
PHFKDQLVPV LQ DPRUSKRXV SRO\PHUV 3®G &KKMKPH 6 RP D

.DWDJLUL ©6 1DJDWD + +RQGD + O6ROLG 6WDWH 1
'"HK\GUDWHG 6WDWHV RI 7HP SHUD&E X456 6HZRR QN LYBIW3H

6XQ BWIDOWHSZLVH PHOWLQJ(SRO\PHUL]LQJ PROHFXO}!
HQFEDSVXODWHG SHIRW VNLWHIUVRODU FHOO

XR 6 : /LQ & / &KDQJ ) & 3KDVH EHKDYLRU DQG
SRO\PHU EOHQGV RI SKHQROLF UHVLQ SRO\ HWK\OF
ODFURPROHFXOHYV

=KXDQJHW &RBHSRVLWHG LQYHUWHG SHURYVNLWH SK
HIILFLHQF\ YLD YHUWLFDO UHGLVWULEXWLRQ RI VH
FURVVOLMWLQRPPXQ

=KDR HW (DBEDQFHG LQWHUIDFH DGKHVLRQ ZLWK D SRO\}
KLJK SHUIRUPDQFH DLU SURFHMWWHLUG\SHWRYRNQLVEHALVR O L

5HQ HW BKWWYHUVLEOH 7KHUPDOO\ 'ULYHQ 3KHQ\O 7RL
ORQROD\HUV 5HOHDVHYV 6WUDLQ IRU +HDW (SBHUHZLHQW
&KHP ,QW HG
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%L HW IRD\PHU WHPSODWHG QXFOHDWLRQ DQG FU\VW
VRODU FHOOV ZLWK HIILEDMQ RQHUHIDWHU WKDQ

+DQ +7THW3MHWRYVNLWH SRO\PHU FRPSRVLWH FURVV OLQ
DQG HIILFLHQW SHUIFDW N&RRPXRODU FHOOV

&KHQ HW [RMLF ERQGLQJ ZLWKRXW GLUHFWLRQDOLW\
EULGJLQJ IRU SHURSPPINAGOH VRODU FHOOV

'DQJ HW BDPROHFXODU &U\WWDOOL]DWLRQ ORGXODWL
BWDELOLW\ RI OHWK\ODPPRQLXP()UHH 7LQ+/HDG 3HURY
BRODU ®GNOQQHUJI\ ODWHU

'DQJ HW $PAGLQR EDVHG OLJDQG HQDEOHV RULHQWH
FDUULHU H[WUDFWLRQ IRU LQYHUWHBXXHURYVNLWH VR
LD HW)ROP IRUPLQJ SRO\PHU QDQRSDUWLFOH VWUDWH
DQG VWDELOLW)\ RI SHURNINNDRW HURRO BELFHOOV

&KHQ HW ,PSURYHG FKDUJH H[WUDFWLRQ LQ LQYHUWHG
VLWH ELQGI6GLHQRBQGYV

<DQJ KW OOOWLIXQFWLRQDO &RQMXJDWHG /LIJDQGV 6
 QWHUIDFH DQG 5HJXODWH &U\VWDOOL]DWLRQ IRU +LJ
&HOXBWY 0DWHU

+XDQJ HW DROHFEXODUO\ (QJLQHHUHG 6HOI(+HDOLQJ 6
"\QDPLF %RQGV (QDEOH B6WDEOH DQG 6FDODEOH )OH]
ORGX®BY ODWHU

'DQJ 