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Introduction
Perovskite solar Cell (PSC)

Back side electrode

(HTL)

Perovskite
layer
(PVK)

AT 777,

Figure. 1 Typical mesoporous-type device structure,

- High power conversion efficiency

HTMs have been actively explored.
The exploration mainly focused on
the following three characteristics:

1) Long-term stability.

2) High hole mobility.

3) Suitable frontier energy levels
matching that of perovskite layer.

Typical organic HTM for PSC

Hole i - Easy fabrication
transport + Low cost HoC CH,
layer = = o H—n O.D N—( O

H3dO@N

Spiro-OMeTAD

Some dopants (ionic compound,
base etc.,) are needed to introduce
more charge carriers.

Dopants CH,
Li"‘ H3C—é—CH3
e
CFy vy d “CF; N
LiTFSI TBP

Hygroscopic, volatile
e M

Device degradation

Most of organic HTMs are processed with
chlorinated solvents such as chlorobenzene(CB).

M

Nonhalogenated-solvent (green-solvent)-soluble,
dopant-free HTMs are desirable for the practical
application of PSCs.

Green-solvent-soluble dopant-free HTMs
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a J. Lee et al, Adv. Energy Mater., 2020, 10, 1902662.
b J. Huang et al, J. Mater. Chem. C., 2021, 9, 8930.
¢H.Lu et al, Energy. Environ. Sci., 2020, 385, 123976.
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rting SF62 is soluble in green solvent such as AcOEt
T™.) because of large hydrophobic groups.
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Figure 2. UV-vis spectra of the HTMs in
solution (1x10-° M in CB).
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SF48 and SF62 have a suitable HOMO
energy levels for hole extraction from
perovskite.

Figure 3. Energy diagram of the HTMs.
@ Nobuko Onozawa-Komatsuzaki et al, ACS Appl. Energy Mater. 2022, 5, 6633

Device Fabrication o, maiin
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Active area 0.119 cm? Perovskite

Results and Discussion

1. The photovoltaic data of the PSCs based on non-doped HTMs 2. SEM image

3. Hole extraction ability

10* g Dopant-free SF62 using

Table 1. Photovoltaic parameters of the PSCs

. 25 ¢ . . . . . for HTMs without dopants. (Thickness of Au (180 nm) o AcOEt as the solvent has
o - HTMs; 20 nm) n-octylammonium iodide (OAI)+SF62 (20 nm) 1000 an excellent hole
S ] ’ extraction capability.
< 20 - , Perovskite (MAPbI,)+ 2 )
S - - mA  V,./ PCE _TiO . +c-T; >
= e mp-TiO,+c-TiO, (650 nm) 2 100
D 15 i _ Spiro- = _
S - OMeTAD 219 099 057 125 :
RN i SF48 224 101 067 152 FTO Pk
& [ __ CBICHCI(1/1) SF62 _ 21.8 _ 1.03 067 _ 15.1 i
= [ e SF48 in CB/CHCI; (1/1) S
O 5L — _ - 0 100 200 300 400 500
..g -t SF62 in CB/CHCI; (1/1) . The PSC based on non-doped 2.0kV x50.0k SE(M) Wavelength/nm
< 0 i - SF48, 62 exhibited the higher PCE — P — | - ® ’E:sfgﬁ:/ doped Splro-OMSTAD (7 ma/mL in CB/CHCL)
A S B SN BRI 11 | B o e optimal thickness o was only aroun b. ®  °blyOAl/non-doped Spiro-OMe mg/mL in 3
0 0.2 04 06 0.8 1 1.2 than that of Spiro-OMeTAD. SF62 is cost effective HTM. ®  >bly/ OAl/non-doped SF48 (7 mg/mL in CB/CHCI,)
VoItage/V . ® °bl;/OAl/non-doped SF62 (7 mg/mL in CB/CHCI,)
SF48, SF62>Spiro-OMeTAD @  °bl,/OAlnon-doped SF62 (7 mg/mL in AcOE)

Figure 5. Cross-sectional SEM image of SF62-based device.
Figure 4. J-V curves for the PSCs with non-doped

Spiro-OMeTAD, SF48, and SF62 using CB/CHCI; (1/1)
as the solvent.

Figure 6. TRPL decay curves of the pristine perovskite and
perovskite covered with non-doped HTM films excited at 532 nm.

4. The cell performance of the best PSC 5. Thermal stability test

(a)
\ 7 2
25 , , , , , 10 ——————— Table 2. Photovoltaic parameters of the PSCs with MAPblI, as the perovskite 0: S
SO F — layera. B
eI - - 155 ——
220¢F . 80 - Jgo/ MA cm2 Vool V FF PCE / % S | ——
| T o [
g; i ’ i Spiro-OMeTAD with dopant (TBP, LiTFSI) L\IJ/ 10 £
3 °r o) 1 8% - FW 225+0 1.02 + 0.02 0.61 + 0.02 14.0 + 0.6 2 - The initial performance
i 1 < 5+0.5 02 +0. 61+0. 0=0. o
é - CTn@ v{,/C/ . '7(3/0'5 " _ _ a L e SFe2without dopant WS maintained for about
£ 10 [ “Bomer 1 G40 — Doped Spiro- . BW  220+06  107+002 0734003  17.2+0.9 Sk 1,000 h.
o i Spiro- : OMeTAD IN CB 7 . i
S [ OMeTAD 223 1.08 0.76 18.3 i ] SF62 without dopant [ i
O 5L Non b 20 Non doped ] oL . v v v ey
S T goped- - SF62 in AcOEt FW 23.0+0.3  0.99+0.02 0.63 + 0.04 142 +1.1 0 200 400 600 800 1000
L e B || TR BW  229%03  104:001  074:002  17.7+06 Time (h)
c 02 04 06 08 1 1.2 300 400 500 600 700 800 900 2 Passivated with octylammonium iodide between the perovskite and HTL. Figure 8. Change in the efficiencies of the solar cells
Voltage/V Wavelength (nm) based on non-doped SF62 at 85 °C in ambient air.

Figure 7.(a) J-V curves for the best-performing PSCs with non-doped SF62 using AcOEt as the solvent,

The PCE is higher than that for the doped spiro-OMeTAD-based PCEs.
along with doped Spiro-OMeTAD using CB as a reference and (b) EQE spectra of the same PSCs. © 'S higher than that for the doped spiro = 2is S

Summary

We developed a new compound SF62 and successfully applied it as a dopant-free HTM in PSCs. In particular, the HTL layer of SF62 was prepared
using the nonhalogenated green solvent AcCOEt. Consequently, the PCE of the device based on SF62 was 18.6%, comparable to that of the
reference PSC with doped Spiro-OMeTAD (18.3%). Furthermore, the thermal stability of the PSC based on non-doped SF62 at 85 °C in ambient air
was found to be superior to that of doped or non-doped Spiro-OMeTAD. [1]

[1] N. Onozawa-Komatsuzaki, D. Tsuchiya, S. Inoue, A. Kogo, T. Ueno and T. N. Murakami, Appl. Phys. Express, 2023, 16, 016502.
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Aliphatic Primary Ammonium Bis(trifluoromethylsulfonyl)imide

as a Highly Functional Additive for Hole Transport Material Layer
in Perovskite Solar Cells

Introduction

- Room-temperature ionic liquids (RTILs) based on bis(trifluoromethylsulfonyl)imide (TFSI) anion have been
reported as promising Li-free additives for hole transport materials (HTMs) in perovskite solar cells (PCSs).

- However, cation designs of RTILs for PSC applications so far have been limited within currently major ones
(e.g., Imidazoles), so their functions have been confined particularly in controlling HTM/perovskite interface.

- In this work, an RTIL comprising an archetypal aliphatic primary ammonium (i.e., n-octylammonium: OA)
and TFSI [1,2] is proposed and demonstrated as a highly functional additive for Spiro-OMeTAD HTM.

Effective radical stabilization
In 1914 ThIS work o
@)
S

HTM solution Spontaneous passivation - efficient carrier collection
\HTI\/I solution| [HTM] - deep work function
= OA- TFSI '

O

" NNH* NOs~ PUa AFTESE OALTFSI SpiroOMeTAD™-TFSI™  passivated interface:
] N TFSI ........................................................... + hydrophobicity
Archetype OA-TFSI o v | e OA" + suppresses defects
Bl reovsiie  faciltates carrier separation
I i i HTM additive ] - N - — S - _Au
Methods :  Cell configuration]| I
. FTO/ TiO,/ FAPbI, perovskite Li-TFSI or OA-TFS Spiro-OMeTAD
OA-TFSI i /SPII’O-OMGTAD/ Au Au: Metal conductor \ FAPDI,
- Synthesized by an i (active area: 0.12 cm?) Spiro-OMeTAD: HTM perovskite
ion exchange method . _[Deposition method] : -. T
. .o i Spin-CQating IN dry air TiO,: electron transport layer | | . R, FTO
Melting point: <190 K . (one-step for perovskite) FTO: Transparent conductor I \

Results and discussion [Carrier dynamics] . [Photovoltaic performances]
[Compositional depth analysis]. - ——OATFSladditive] | . distribution | __ 35 30 _
i é ] s —I & —— OA-TES|| Champion cells A
1 9 | o] - T £ 30— Li-TFSI 25 £
| £ LER TR s B IR <
1E+8-:! SATFS — i _%a g2 _‘:_ £ 25. -ZOé
1E+7 - 3 1225: Cg,HeoN,O,, SpiroOMeTAD : C Perovskite | 23] > 20- '_ 15 9
] ' £ | " Monolayer: R I 2 45 5
1E+6 1 :géfggNz, FA ' o Jafter HTM removal =~ T < 1.05. £ L 3“3’ 0. , 10%
g 1E+5 HTM Perovskite S i ° 100 %?T?e (ns) - 7 i>81'00' o E g 5. :(L),A-F;-;SI K & ‘?
' : 951 @ | N N Y o W e _
%1E+4 - OA passwatlon Suppressed : N 0O.O 0.2 04 06 08 10 1.2 300 400 500 600 700 800 908
= 1E+3 :defects over perovskite surface! 4 & 0o Voltage (V) Wavelength (nm)
e e S S
1Ere . [HTM radical concentration] : Sample ~ Scan  Jsc(mAlcm’)  Voc (V) il n (%)
1E+1 | 06
E Additive Work function i » OA-TES| Backward 26.5 1.09 0.79 22.9
T 100 200 300 200 500! (optimal amount) (eV) 1S I i P Foneard, 208 LOT 032 204
: i | < 2. 55 L . ackwar . . 7 7
: Depth (nm) . 12mM OA-TFSI 5.56 0P R S =g | LFTRSL 25.1 1.02 0.70 17.8
‘- ' 48 mM Li-TFSI 5.49 16
. : : * measured by photoelectron yield Spectroscopy: " ' T * QuaSi_Steady_State PCE fOF OA-TFSI Sample: 22'2%
A cation ntan | | castre | : OA-TFSI  Li-TFSI
O Catcci) S SPO ktta eOll,JfS Y . The deeper work function .. s _
covered perovsKile surace 4,4 qests higher HTM . OA-TFSI additive enhanced initial photovoltaic performances
under the HTM deposition - . owing to the improved hole collection and its passivation effects
. radical concentration i 9 P p
[Hydrophobicity of perovskite surface] Removing 5 é/water
20 g _ Time course of PCE ‘ The spontaneous passivation
< 15- ? ; . ! " s & o 0 Sample preparation . CA measurement by OA-TFSI rendered
— 0. [ 1 + + + + * ' perovskite hydrophobic,
S el ncrease  and thereby improved
0 303 K, 50% humldlty W|thout capsulatlon | !Ong'tlme PCE StabllltY_ |
O 500 1000 1 500 20'00 Non-dope: 56.4 = 2.7°] Li-TFSI: 45.6+ 2.0° | OA-TFSI: 80.2+2.0° IN the presence of hum|d|ty
Time (h) Pristine perovskite (before HTM deposition): 58.8% 1.3°
Conclusion || References
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Sllicon quantum dots and perovskites hybrd solar cells

oo SiQDs/DMF:DMSO colloidal soluti Perovskite precursor solution Si QD -perovskite hybrid
iﬁ ’bo) E Eg ;'E* fs1 lasesr treatment ST & SiQDs material/device
@ Formamidinium Lead Iodide (FAPbI,) perovskite (PK)
limiting of thermally unstable methylammonium (MA). ETL<200 °0)
ITO or FTO
Glass

@ The performance of PK with FAPbI; the fs laser

engineered silicon quantum dots (S1QDs) increased 1nitial

@ Initial SiQDs were prepared by electrochemical etching.
solar cell performance.

@ fs laser treatment of SiQDs in colloidal solutions resulted

into well separated S1QDs, better interaction with host PK
matrix

@ The role of SiQDs in PK solar cell stability.

J. Phys. Chem. C 2016, 120, 33, 18822, Nanoscale Adv., 2019,1, 4683

FAPbI; + SE SiQDs —— FAPDI A ‘ Wlth the il’ltI'OdUCtiOIl Of SE SI-QDS WC¢C
INAT=Ah9vk: 3152 FAPbI3(4)MAP . . . .
1Mo R 378297 - , T PPl SESADs [ observe negligible changes in the energy
_ bandgaps.
& < _————__. . 9ThePLis significantly quenched by SE SiQDs
| ; ===== [0 which indicates that the radiative
3 S recombination 1s reduced possibly due to
— Q9 SE-SiQDs lower defects in the film.
e 140 145 150 155 160 165 1.70 1.75 1.80 .
0 Energy (eV) S "5 FapbI FAPDI;  ________ @ The valence band was determined by XPS and
i A b — u - 3 +SE-SiQDs . E F ; l lb K 1 ; b
— 1| si FAPDI3 B qc) (bulk) ooy F crmi ICVCel DY KEClvIN Prooc
= f = FAPbI3 + SE-SiQDs _‘ u R 4 . .
., | w7 (bull === @ Values for SiQDs produced in our laboratory
0.0 0.5 1.0 15 2.0 2.5 kev3.0 35 4.0 4.5 5.0 55 ; :Léj' gggggggg VB With Varying degrees Of OXidation WhiCh
€ TEM/EDX analyses confirm presence of @ z = | influences the VB, CB, and Ey, positions for
y : .
S1QDs 1n the films. g the SE SiQDs.
T
. . . . \“?:’"’A_ M““'—‘L— 1 1 1 1
@ SEM analysis that the film thickness remains the same after the formation of films. 730 740 730 780 7i0 780 780 80 810 ! ‘fA‘ slight upward shift in the Fermi level
@ Incorporation of SE-SiQDs did not noticeably alter the grain size of the film. Havelenah (nm) indicating a more n-type character
@ The typical grain size of the films ranges from approximately 500 nm to 1 pm.
a 300 nm FAPbI, c - 1° 50 25
S | i 175 2 months in dry b :
w — 16 as prepared MONTS n €Ly Box Solar cells stored in dry box
2 1o — | |70 . miiam (<1% RH, air, dark)
70 - E"E -BDE’ O\E -
E —r ' 55 , 0 196 cc>>’ 159 Solar cells stored in
w00 Jl 50 3 ’ humid chamber (HCh) under
5 — 8 |ue T o 1 sun soaking (30 %, 28 C)
b L 185 S — 6 40 ] .
) — g, - 23.0 1.10 I 0 h in HCh
cg i % : %‘:E ) 5
§ 15 L17.5 22.5 1.05 FAPbI, + SE-SiQDs
E | 17.0 T T | | . —
z 12 220 1.00 FAPI3 FAPI3/SiQDs FAPI3 FAPI3/SiQDs E
= | 1 <215 10953 ' oh g '
€ 5f — FAPDbl, < == g ."-‘9 —
3 —— FAPbI, + SiQDs 1ol === 2 15 1
[ FAPbI, + SE SiQDs | 21.0 10-90 . 24 h in HCh
o \o QD% QD2 5 = T
00 02 04 06 08 10 12 N xS ¢ oQ@ .
Voltage (V) S \;,\?b\'b*e 20.5~ 0.85 g .
>10 ‘
@ In previous works where Si- and other QDs without fs 00 FAPDI3 FAPDI3 + SE Si-QDs FAPDI3 FAPBI3 + SE S-QDs " & T - | |
g
ano Lner. —. : : : E
treatment worsened solar cell performance. Naro grer 2018, 30.245-255 @ Repeated experiment using the 17% efficient solar cells. iT 110 h in HCh
” . e . . . 9
@ The performance of PK with FAPbI; the fs laser @ The statistical distribution confirms the trend.
: : I . . . 24 h
treated S1QDs increased initial performance. @ {5 laser treated SiQDs result in an improved performance. 1 110 h . .
22 24 L 0 - I ! —t— —i— -
225— FAIF’I3 FAPI3/ISiQDS FAIPI3 FAPI3/ISiQDS FAIPI3 FAPI3/ISiQDS
E 18}
= 18- o - E .. .
~ @ Improvement and gain in efficiency FAPbI; = 14| ) @ No visible color changes by naked eye after 2 months in dry box.
= 2 12} Jsc  Voc FF  PCE [ Y Y
_ S . . 2 1} l . . .
s with S1QDs hybrid SCs ( ~ 2%) for high S ol (mAem?) (V) () (%) ; @ Devices stored in a dry box and after 2 months less efficiency
i efficiency solar cells exceeding 20 %. © 8l 2379 1079 762 1956 | decreased for SE S1QD-FAPbI;
© 6F 2380 1054 823 2064 ‘|| @ Significant degradation in humid chamber < 24h for both.
14 A 4t ! . . ;
ol WEE FAPbl; EEE FAPbI;+SE-SQDs | @ Less color change in the case of SE SiQD-FAPbI; hybrids for 110 h.
0:..“1....1.“.1..“1....n.,.,l...\1\...1..“1....1.!.
12

00 01 02 03 04 05 06 07 08 09 10 1.1

I I
FAPI3 FAPI3/SiQDs Voltage (V)

o
'%l:l i € Hybrid solar cells based on SE SiQDs in limiting of thermally unstable methylammonium in formamidinium lead iodide (FAPbI,) perovskKites.

@ Characteristics of SE SiQDs / FAPI, hybrid films * The introduction of the SE-SiQDs does not impact the morphology, film thickness, energy gap.

* The PL 1s quenched indicates that the radiative recombination 1s reduced possibly due to lower defects in the film.
* Fermu level shifts (n type, negative built-in charges in SE-S1QDs).

@ Characteristics of SE SiQDs / FAPI, hybrid solar cells (SCs) * SE SiQDs increase the overall power conversion efficiency SCs (~ 2 % in average). SN
* Improved device stability not enough (pronounced degradation in humid chamber) ((_NEDO EIICHHZEBISEAN
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Surface engineering of FAPbI, hybrid perovskite

quantum dots for photovoitaic applications

tHFe D BiY - Motivation SEE% - Experiment

- Improve electronic coupling between FAPbI, quantum dots . Use of 1-Octene instead of 1-Octadecene during the hot injection

- . synthesis
(QDs) through efficient ligand exchange? Y
E h h t . t t 'th' . t d I f 1-Octadecene 1-Octene « hot injection
nhance photocarrier transport within spin—coated layers o Lﬁq%ﬂﬁ AA A W—> o
QDS - = spin coating with
CH,=CH(CH,),5CHj,4 CH,CHC4H 5 .
ligand exchange
 Push the efficiency of FAPbIl, photovoltaic cells based onQDs- | | ...
only and bulk/QD junctions? s o
. Exposure of QD colloids to a fs—laser treatment3

- Study effect of FAPbl; QDs on the stability of bulk FAPDI, films?2

*E% - ReSUItS I ReSUItS “ « PV cells using thin adlayers of QDs show N

« QD-only PV cells show better

i better V, for treated QDs SE-QDs) and T .
- Smooth films spin-coated in atmosphere performance except for FF o, (5 -+ Progressive PL blueshift for longer laser exposure significant resistance to humidity | bmkml,, N

IIIIIIIII t Sn02
||||||||| 10k 0 ITO
: 50 mJ/cm? —— 1 min
8 T : —— 3 min - ; : : :
1 24 t ~ time in the humid chamber (30%RH @36°C : : : 1.2
[ 100 nm | 200 nm ' 16| [ Octadecene _ : . . : (3¢ @3e’c) | : :
7r | . - _ 5 08 22 1 Oh 24h 1 110h o 4 L] 5
£ [ — 1 | EEEEE Octene T - < 20 . = 1.0
1 °r | ] ' : ' z o6 18 5 . N '
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3 2 5F | 1 < | | - IS 1] i | 2 s | o L— 0.8
0 S 3 £ = = 14 ] | : : | : : —
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300 . ‘ g . 3 == _ | 2 10 . % i 3 z 5 | >
Not in glove | w3 A . | 0.2} o] . | ; ; ; 5 .
box! 2 | - o - | - 6 f | f ‘ | |
° - | : N . . 4
100 Nemam af | . : N | . | @ [ 1 FAPITF ;
1 1 1 1 1 1 1 1 1 1 L | E | ] - : : -1 U.
1 5 3 4 5 5 7 8 9 10 1L L %‘ | ] ! 1.50 1.55 1.60 1.65 1.70 1.75 1.80 5] | = L . - TF W/ QDS : 0.2
Number of layers I | Energy (eV) ] 3monthsin dry storage. : e T
0 ] ] : ] ] I . . 1 T T ] i . . 01 X P e - TF W/ SE-QDS 0.0
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Development of self-doped PEDOT/Si hybrid solar cells

Introduction This Work
Silicon-Organic Hybrid Solar Cell (SOHC) Challenges — Self-doped PEDOT (S-PEDOT) [3] e
e Soluble in water
. High effici - oxidelayer —  + Better conformality to nano
/. / ( I? 7; )l[c;e]ncy Silicon layer npe structures
~ o +
Front Contact  Low material cost :::;zyer | oss void defects In thin im L&OL%%OW
. Easy fabrication Poor junction Growth of SiO, Defects in * Similar CondUCt'V'ty to PEDOT:PSS S :EBOT Sat . 3
interface interlayer [2] PEDOT:PSS layer | - ructure
* Low temperature 25 ver (2 d Sch tic of SOHC fabricated in this stud 1 oo
Organic Layer HTL processes (>300°C) z 20 -+ Week 0 chematic o abricated In this study  Neutral Beam Oxide (NBO) Layer [4] = (1
traI;I\(s):)eort » Easy to recycle 5% ig ---*--aee:ﬁ 1 Aimn: + Room temperature process ARd B SCrH Ej
EE:E -=-\Week 5 . 1
t 'a?’er” tE s - Week 14 To improve the durability of SOHCs * >95% pure SiO; — TnququuuuT::
PI(E[);g'IC':anS) coe 0 0'1 0'2 05 through a combination of high-quality * 3 nm thin layers in 300 s T/ Ll o
‘Voltage (V) passivation layer and a novel self-doped + Defect free SiO, layer crnre )
Schematic of a typical SOHC Degradation of J-V/ characteristics over time PEDOT NBO process

Device Fabrication

SiO, (~ 4 nm) SiO, (~ 1 nm) e MoF,
HF etch
>
1-5Q.cm, 330 um n-Si
A . | A
Molecular Beam Epitaxy Neut'ral I.3eam pin Cfatmg Thermal
(MBE) Oxidation . Evaporation
\/ (NBO) \” Annealing

Ag finger

Electron beam contacts

S-PEDOT
>
Thermal

Au-Sb/Au Evaporation

Evaporation
>
5e18 cm3, 150 nm ntsj Annealing

Results and Discussion

Dependence of PV characteristics on NBO film thickness Durability of measured solar cell samples

25 25 25
1.1 .
= Thermal Oxide

1 nm thermal oxide interlayer may

NBO (1.4 nm) perform better but NBO layers of the
same thickness show better consistency
over multiple samples.
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N
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T
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Xk A,
X

b &-3-4-42.
20

L,‘ ..

=
(6)
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~4-NBO (1.4 nm) 10

0.2

Oxide interlayers with the highest oxygen
saturation (i.e. highest percentage of
SiO,) show the least degradation in
photovoltaic performance.

Y
o

| ~* NBO (1 nm)

Current Density (mA/cm?)
External Quantum Efficiency

-3-NBO (0.5 nm) 0.1 |

i

-=-Thermal oxide

Current Density (mA/cm?)
Current Density (mA/cm?)

0

0
300 500 700 9200 1100

S-shaped J-V curve develops within the

0 0.1 O.ZI ( )0.3 0.4 0.5 Wavelength (nm] -10 10 .

. voraeelt , 0 01 02 03 04 05 06 o 01 02 03 04 05 o6 /firstweek ofstorage pointing possible
IIIumm.ated S~V cur\{es fqr each EQE s!aectra.x for S-I.DEDOT/SI Voltage (V) Voltage (V) loss in PEDOT carrier concentration
champion SOHC with different cells with different thicknesses - ’5
interfacial oxide layers. of the neutral beam oxide (NO) _. Table for the thickness and saturation of the

inter-layer. T 20 T % w‘m‘ NBO (0.5 nm) interlayers:
Table for the PV characteristics of the measured samples: 15 <L T i, : Thickness Oxygen
£ E Preparation :
< 10 ~ 10 | (nm) | Saturation (%)
SOHC Voc(mV) Jsc (MA/cm?) FF (%) PCE (%) ?, : 2 .| NBO for 400 s 4.6 95
a p 30 s HF etch
q:) 0 5 0 ! 1.4 83
XN ND] 453.25 £ 6.75 21.41 £0.28 50.25+3 492+0.33 & £ after NBO
© 5 © 5 40 s HF etch 10 43
V=IO QNI 474,25 + 875 21.73+ 045 54+2 559%010 10 after NBO '
, , : , , , 0 01 02 03 04 05 0.6 50 s HF etch
Nl (XA 0] 419.5 + 13.50 21.25 £ 0.70 495+ 0.5 4.43 + 0.2 R Vi S - €7c 0.50 55
after NBO
USRS 460 + 2200 2154+045 55+6 553+ 082 . . s 150 °C for
- < DT £ = D29 £ U J-V curves for champion SOHCs with different oxide interlayers over 4 weeks 15 min 1.0 >4

Results (contd.) Summary

23 0.7 500

(@) (b) (c) * We fabricated simple planar silicon-organic hybrid solar cells (SOHCs) using a new self-doped
~22 ‘o1 PEDOT, which overcomes some of the limitations of PEDOT:PSS. The best performing cells achieved
E —-— g ' TO1 an efficiency of 6.35% with 482 mV in V,-and 21.99 mA/cm? in J,for a cell with a 1 nm-thick
T2 — —— £ NO1 interfacial oxide layer.
= NO1 =
250 | - I NO2 * Two probable degradation mechanisms caused the development of s-shaped J-V responses:
NO3
NO3 * (i) reaction of S-PEDOT with unsaturated silicon sub-oxides
19 I I I | ] |
1 8 15 22 29 1 8 15 ” 35 * (ii) the degradation of S-PEDOT over time.
Days Days Days

* The use of a thin, homogeneous, and highly saturated silicon oxide layer using neutral beam

Durability of (a) %, (b) FF, and (c) V,c of the TO1 (thermal oxide), NO1 (NBO 1.4 nm), NO2 (NBO oxidation (NBO) proved effective against mitigating the first factor.
1.0 nm), and NO3 (NBO 0.5 nm) samples over time.

Referenc$° 1. D. Zielke et al., Solar Energy Materials & Solar Cells 2014, 131, 110-116. 3. Hirokazu Yano et al., Sci. Adv., 2019, 5, eaav9492.

2. Sara Jackle et al., ACS Appl. Mater. Interfaces 2016, 8, 8841-8848. 4. Seiji Samukawa, Jpn. J. Appl. Phys., 2006, 45, 2395.
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Reprinted with permission from AAAS.
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Si nanopyramid textures enabling solution-processed

perovskite for tandem solar cell application

Motivation Double-sided textured tandem solar cells Experiments Conventional Ag-assisted

alkaline etching alkaline etching
(i (i

v' EPFL: 31.25%!"
v Longi: 33.9%/?
Micron-sized Si pyramids + evaporated perovskite

e

Transparent conducting oxides

Ag-assisted one-step alkaline etching 4

v' HZB: 29.8%3
Si nanopyramids by nanoimprint lithography + spin-coated
perovskite

Perovskite cell

Recombination layer

Merits
» Reduced light reflection at the perovskite/Si interface.

Problems
« Technically complex/expensive methods for the conformal (iif) (i
Transparent conducting oxides growth of perovskite on micrometer-sized Si pyramid texture. A B C D E(Conventiona)
» Complex fabrication process of nano-sized Si pyramid texture :
Elecirode g P by TK81 concentration  1xg1 509% TK8130% TKS1 10% TKS1 10% TK81 10%
by lithography.
Aim of this work AgNO; concentration  1.2mM  1.2mM  1.2mM 1.0mM  OmM
Development of Si nanopyramids compatible with solution We investigated the effect of T_emperature 70 C 70 C 70 C 70 C 80 C
processed perovskite varying SI texture size in Time 15min 5min 15min 15min 15min
Our technology I nanoscale on the performance of TK81: moderate etching speed / H, bubbles detachment
One step wet etching process to fabricate Si nanopyramids perovskite/Si tandem cells. AgNO;: etching mask / H, bubbles detachment
Results (I) Fabrication of Si nanopyramid texture [ Performance of silicon heterojunction (SHJ) single-junction solar cells ]
A B C D E
TK81 50% TK81 30% TK81 10% TK81 10% Conventional . E . -
xternal quantum efficiency (EQE)
AGNO, 1.2mM AGNO. 1.2mM AGNO, 1.2mM AGNO, TmM Reflectance spectra SHJ device structure q Yy (
. S— N — 100 — 1.0
CGBGnm*’ " _
" o W ITO 0.8
_ (p) a-Si:H
9 (i) a-Si:H
— front-planar/rear-textured x 0.6 -
3 both-sided planar (n) c-Si -
§ Ll
ko WOW ()asiH & 04
o 1 o —— o . 30% . % , 9 I ' (n) a-Si:H
30% Average : 416nm 30% \ Average: 528nm 30% ' Average: 684nm 259 ' Average: 945nm zgﬂy ' Average: 1053nm o i A A A A A A 'vVY ITO
o 25%: 25%- ' 25% | 0 | o ! S o A 4 0.2
& 20% 20% 20% f 20% § 20%; , ] N N
g 15%: 15%! 15%: | 15%1 | 15% | o e
S 10%l | o % o | ] . . - . - T - . - 0.0 =, : , , , :
& ‘ o o F b m e ﬂﬂﬂ 400 600 800 1000 1200 400 600 300 1000 1200
on il % 111\ ool b, | oo ] MUTHTTINI M| o Hﬂ LR Wavelength [nm] Wavelength [nm]
0 500 1000150020002500 0 500 1000150020002500 0 500 1000150020002500 0 500 1000 150020002500 O 500 1000 1500 2000 2500

Pyramid size [nm] Pyramid size [nm] Pyramid size [nm] Pyramid size [nm] Pyramid size [nm] o _ _ ] ] i i
_ _ _ | B Reflectivity increases with decreasing Si pyramid size.
B The size of the Si pyramid texture gradually decreases as the concentration of B Nevertheless, nanometer-sized Si pyramids show effective anti-reflective

surfactant TK81 and AgNO; increases. properties in device structure (w. ITO), resulting in comparable cell performance

B The size distribution also narrows with the reduction of texture size. with the reference cell [4.5]
Tandem cell performance [°]
Results (") P External quantum efficiency (EQE)
Current density-voltage (J-V) curves Cross-sectional SEM images o B(530nm)
ITO 2 — A(420nm) : A7 N
| *Devicearea:1cm? — B(530nm) A | o 0847 A AN
. ~ 20T g = spicomeoraD e e o | ad A AN
Perovskite § Q _______ — Eé?ggom)q)
5 --- Ref. . TOP BOTTOM
820 Ynesin £ 18 | o OF 15.6 metjom? 16T
(p) a-Si:H > - 15.7 mA/cm? 15.2 mA/cm?
(i) a-Si:H % 10- g 0.4-
O L
< perovskite —B,,, EQE
qt) 5- 024+ J1 - Bysomm 1-R
0o+———— A . , ook~ o7 O\ Ref. 1-R
0.0 02 04 06 08 10 12 14 16 18 20 | 400 600 800 1000 1200
Voltage (V) Wavelength (nm)
Low V- caused by electrical shunting due to the non-uniform perovskite B The light in-coupling effect of the Si nanopyramid texture leads to a gain in the
layers on large Si texture. Jbottom Y ~1 MA cm-2.
B A substantial increase in V5. from 0.89 to 1.75 V with decreasing the texture B Jg is further improved after applying the AR(MgF,) layer, leading to a 22.1%
size from ~1000 to ~500 nm. efficient tandem solar cell (J5-=18.8 mA cm2, V5.=1.693 V, FF=0.692, area=1.0
B B(530nm) shows both high V- and Js: (0.8 mA cm higher compared to the cm2).
reference cells). B J,. is still imited by the large reflection loss caused by refractive index
B Degraded passivation quality of a-Si:H layers when deposited on small-sized mismatching at the interface between the ITO (n~2.0) and the thick spiro-MeOTAD
Si texture (A(420nm)), strongly depending on the PECVD conditioning. (n~1.6) layers.
Conclusions References

B Double-sided Si nanopyramid textures with an average size of 400-900 nm and 11X, Y. Chin, D. Turkay, J. A. Steele, S. Tabean, S. Eswara, M. Mensi, P. Fiala, C. M. Wolff, A. Paracchino, K. Artuk,
improved size distribution were fabricated using an original Ag-assisted alkaline ~ D. Jacobs, Q. Gu_esnay, F. Sahli, G. Andreatta, M. Boccard, Q._Jeangros, C. B_aIIif S_c_:ience 381,59 (2023).
etching method and applied in the bottom cell of perovskite/Si tandem cells. _2_Src1)t|t§rs_.0//evl\llsv’\;w.long|.com/en/news/new-world-record-for-the-efﬂmency-of—crystalI|ne-S|Ilcon-perovsklte-tandem-

B EXxcessive size of pyramid causes the severe shunting and thickness 3]P. Tockhorn, J. Sutter, A. Cruz, P. Wagner, K. Jager, D. Yoo, F. Lang, M. Grischek, B. Li, J. Li, O. Shargaieva, E.
: R : . : : : Unger, A. Al-Ashouri, E. Kohnen, M. Stolterfoht, D. Neher, R. Schlatmann, B. Rech, B. Stannowski, S. Albrecht,
iInhomogeneity in the perovskite absorber layer, resulting in the degradation in C. Beoker Nat. Nanctechnol. 17. 1214 (2022).
the performance of tandem cells. [4] Y. Li, H. Sai, T. Matsui, Z. Xu, V. H. Nguyen, Y. Kurokawa, N. Usami Sol. RRL. 6, 2200707 (2022).

B The optimum Si texture size is found to be 400-500 nm with perovskite layer [5] Y. Li, H. Sai, C. McDonald, Z. Xu, Y. Kurokawa, N. Usami, T. Matsui Adv. Mater. Interfaces 10, 2300504 (2023).
thickness around 500 nm, by which the perovskite top cell can be processed
entirely by the conventional spin-coating method. Acknow|edgements
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Fig. for example of blistering after TOPCon structure fabrication on n-Si (1-3 Qcm) n-S1 (1-3 Qcm)
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Abstract Exp. setup: in-situ real-time characterization
.. : : « Silicon on insulator (SOI) is used as a
A_Il_aenefICIgl. efferc;t of argor? (A;t) IOQ bobmbar(:n;gn; for crystalline laser plasma spectroscopic  sample for the photocurrent measurement.
Sl ICOT\ (C- I) surrace passivation nas peen studied. light 0‘ "elhpsometry 4+ SOl is illuminated with a visible light laser
» Experiments of an Ar plasma treatment over a hydrogenated o ", & (520 nm, 1 mW).
amorphOUS Si|iC0n (a'Si:H) |ayel' on C'S| dare performed a-Si:H \“ / “;‘ ‘;’. e |In-situ photocurrent measurement is
« The c-Si surface passivation is improved by an Ar plasma treatment SYRELTATLY. 3 eae |  performed to detect the defects at the a-
for a defect-rich, i.e., low-quality, a-Si:H layer, while it is deteriorated S S Si:H/c-Siinterface.
by the treatment for a low-defect, i.e., high-quality, a-Si:H layer. base Si Si * Real-time spectroscopic ellipsometry is
_ performed to obtain the thickness and
_ _ S optical parameters.
Introduction: Device, defects, and performance S. Nunomura et al., Appl. Phys. Express. 12, 051006 (2019).
(a) FET structure (b) SHJ solar cell structure (c) cell performance

Results: In-situ real-time characterization

contact

7 7

E _ _ _Si- 0
» o /% In-situ photocurrent For low-defect a-Si:H (ét 180°C)
SiO, p/i pass|vat|on layer TQ~D %‘ ol measurements * The photocurrent, Ip, IS-.InCreased
" gatg odde defacts q‘]; g) g after the growth of a-Si:H, denoted
SOHIEE @_> drain n-type Si T = 10 10° 1800 depo H plasma Arplasma ' 11 12 by 1-4. This increase indicates a
defects /<hamme - asswatlonyf’a o ool | o * * * * 5 3 ; ; 3 10y w(a) reduction of the interface defects,
- ' "0 0102030405060.70.8 o O . . . .
| ptype_SI | | Voltage (V) T e v Yyvy § g .e., the c-Si surface passivation.
 The defects in semiconductors impact on the device performance & reliability. = 10 313 * Ar plasma treatments are performed,
. In field-effect transistor (FET), defects at the channel-gate interface induce T 0 e g EE 0o 2 2leleif ] denoted by 6-12.
- - S652 T 323 .
the deterioration of the carrier transport and current leakage. el S 8 PRNEE The recovery of | is limited for a
* In solar cell based on silicon heterojunction (SHJ), defects formed at the F T depo i plasma Arlasma @ 10 1 high-power (P) and long-period (i)
heterointerface result in a decrease in the conversion efficiency via reductions 101; * * * * 3 ; *8 YVyo treatment, denoted by 1012, which
in both the photocurrent and the output voltage. indicates the formation of residual

defects.
For defect-rich a-Si:H (at 80°C)

* |, is increased drastically by an Ar
plasma treatment, denoted by 7-9.

S. Nunomura, J. Phys. D: Appl. Phys. 56, 363002 (2023).

lon-material interactions for a-Si:H/c-Si heterostructure P '

(c)

80°C' depo. Hzplasma H plasma '

+ £ 10'g 1 234 S5 6 7 89101 12 . A large improvement of surface
SHORCRORN O & + The bombardments of Ar ions induce < YYYY ¥V VY 't t Je mpr -
s J = _ _ 2 100 passivation is confirmed.

l P surface heating and deformation of local = e _
oY - ; 4 g]_% network structure. % * Afurther treatment under the high-P
N fheating pp ghytierng | 2 _ _ | and long-t conditions causes a
s UM o dUP 3P0y 2P o The heating and deformation result in the _ 19

oreraiol () (% . _ ke _ _ T P T S EA R P B reduction in /, (denoted by 10-12).
¢l N (O bond breaking of weak Si-Si and Si-Hx, which 0 10 20 30 40 50 60 70 80 . _ Ar ol

e OC ., T results in dangling bonds (DBs) and mobile t (min) * For comparison, Arplasma
s .. d|S|at .00. o hydrogen (H) atoms. treatments are replaced with H,
O D i . .
- .'. olo; Jison (P8 |« The mobile H atoms diffuse deeper and Real-time plasma treatments. An increase in /,
. )¢y o () e; . O . ) . : : is not observed, and /, stays low.
i. i) =g~ arrive at the a-Si:H/c-Si interface, where they spectroscopic e|||psometry
T BT 8 e = terminate the interface defects such as DBs. .
' ‘ | _ 3.41 — 171042 * Ngyonm IS INCreased by the Ar plasma
...'.'.'..... md, S. Nunomura et al., treatment, while k520 nm IS decreased.
J. Vac. Sci. Technol. B 41, 052202 (2023) %3.40 0.40 E e An increase in n800 m IS related to an
= ~ iIncrease In the oscillator amplitude
| o (A), implying the formation of a dense
. - (SOW’1OS). 3
Results: TRIM & SIMS analysis 339 —— 0.38 etwork structure.
e e Ezo.o * dis increased by the treatment,
oy Ar=>aSiH (54.7deg ) ; * Depth distribution of Ar* implanted in £ 170 < indicating the implantation of Ar
_OE ey E a-Si:H (10 atomic percent H) for © 196 ions Into an a-Si:H layer.
e: 106— _ various incident energies. 1.72 160  * The broadening factor (B), i.e. the
2 f i+ Arions are penetrated in a few nm. _ __ network disorder of a-Si:H is reduced
= 00V S & Nunomura ef 4 T 47 » fq by the treatment, reflecting the
F Jon. J. Appl. Phys. 61 056003 (2022). w® m- improvement of network disorder.
B I SN 11 N P § 1. e | | | | » E, is increased by the treatment,
° 1 ° ° ) ° | 0 1 2 3 4 2% suggesting the reorganization of the
* Depth distribution of Si, O, Arand H time (min) bond configurations of Si-H, .
glli/lmse?;:;;j'esr;g'é tSSOI’ obtained by S. Nunomura et al., Jon. J. Appl. Phys. 61, 106001 (2022).
. A blgck !:)roken line shows .the Summary
distribution for a sample without an Ar
plasma treatment. A red solid line * A beneficial effect of Ar ion bombardments to the silicon surface
shows the distribution for a sample with passivation is experimentally studied.
an Ar plasma treatment of P = 50 W » The passivation improvement is observed as an increase in the photocurrent,
and t=10s. which is obtained under certain conditions of Ar plasma treatments at low-P
 The H distribution is broadened at and short-t.

the a-Si:H/SOI interface by an Ar
plasma treatment for a defect-rich a-
Si:H prepared at T, = 80 °C.

 The mobile H atoms are considered to play important roles in the interface
DB defect termination, i.e., the surface passivation, where the material
densification and the improvement of the network disorder are also

* The decay length of the H required to reorganize the local interface structure.
; concentration is 1.04 nm for a sample
T wArteal iR\ with the Ar treatment, while it is 0.57 nm Acknowledgements
L unhg for a sample without the treatment. This work was supported by JSPS KAKENHI (Grant Numbers 18K03603 &
L S. Nunomura and |. Sakata. 20HOO_142_) and New Energy and Industrial Technology Development
depth (nm) Jpn. J. Appl. Phys. 61, 106001 (2022). Organization (NEDO).
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= g ||
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_ B _ =
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100 0.8 - 100
80 j Targ-e t | . % :EZ g
S S e | S s | . ASTAEAEMLTE, 2208 -0
g E N g, Tt WEeRHRERD, ABRMES
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100 1 AIEBE & KIFERDOASEFHRZAE
| o . RYEOE—/ B THEBE - HMBRFHEHET
§ * —no film ——MIL 06
£ a0 2 0.4 s NEPEFIREAD»OEAEL-FRETE: 5.9%
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¥ - SEH
e 490 nm, 630 nmICEEIE— 27 % H DRFEEDNFERE  [1] C. Ballif, et al., Nature Energy, 3, 438 (2018).

' [2] V. H. L. Caer, et al., International Patent 045141A2 (2013).
- [3] J. Escarre, et al., IEEE 42nd PVSC, 179 (2015).
~[4] A. Soman, et al., Solar Energy, 181 (2019) 1.
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farl ANEZBRIFE

J-V (AM1.5G, 1sun) EQE
129 36 umih [H1271 100
e /| ] | —— 36 um/h [H1271]
S — 87 um/h [H1275]
< 107 —— 121 umih [H1296] l 801 87 pm/h [H1279]
s H - | —— 121 pm/h [H1296]
S g/ —
-E-" _ x o\\o/ 60 -
@ 6- w ]
S G 40
© 4_ LL]
% _
2 2. 20
- _ ]
O O ' I ' J i ! O T T T T T 1 y T
0.0 0.5 1.0 1.5 300 400 500 600 700
Voltage (V) Wavelength (nm)

R RIEE Jsc Voc
(umlh) (mA/cm?) \) (%)
6 [H1271] 8.46 1.38 0.834 0.76
87 [H1275] 8.38 1.35 0.829 0.38
121 [H1296] 8.11 1.34 0.855 9.29
: ( ; DEQER
= A * = y

*I:I pifl}

HVPEZZ AW -InGaP KIS Bt D& & K iT 2B F

e INGaPEI/ILDIHEELTHRLERE121 um/hETHOEBEEMRER
E£1iH
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=] AP B st B4 EEEER
InGaPD L B E

150 | | | | | n* AlinGaP, 50nm
| V/II=10 2

=) )
\ 0
g p InGaP base, 1 um
£ 100 i
Q 36 ~ 121 um/h
(C - p InGaP, 1 um
% o0 /f’ p* AlinGaP, 100 nm
@) . o _
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0.0 0.5 1.0 1.5 p* GaAs(001) 4° to (111)B pt GaAs(001) 4° to (111)B

Pgaci (x10™ atm)

. BLAMEEETHERELEINGAPABE M) MEIfToT-,
(p-InGaPAR—XEB LIS\ D K EHIXEE)

REEE | RA—RBXrUTERE ST o I-VEIE
(um/h) (C-VAIZE) (lcm3) S S ER = F%h B E (EQE)
In

36 [H1271] 5 4 x 1016 :
87 [H1275] 29 %« 1016 o [RF[E] jjiﬁ'ﬁl&fﬁ(AFM)
121 [H1296] 15 % 1016 « FRIARMILERYtE X(PL)

faR2 RNRHEHEE. FEXIFE
AFM(2 pm X 2 um)
14 um/h _

+ ROLEEL121 um/hTREEARATYTHHELED, BERE

— i, ~ ~
[CRHEREREREIRLSNGN
i >
=Z:mPL
— o 36 umih [H1271] |
2 | RT &7 umih (41275 |
5 T 12 umin [H1290) REEE |EF—%5iKRE | Bandgap | FWHM | Intensity
Q - (um/h) (nm) (eV) (meV) ratio
CU 4
= 36 [H1271]  651.0 1.892  44.34
C
% - 87 [H1275] 652.0 1.889 42 .07 0.489
=
o - 121 [H1296]  650.0 1895 4148  0.465

600 620 640 660 680 700
Wavelength (nm)

o ETODEITNUVFXYYT ., FEIBICEHEELGZEIXGEI ST,

» —ATEEARFERRABENRDLTEY., GRIEIMETLT
WAA[REENFZ oD

S5

] R. Oshima, et al., Jpn. J. Appl. Phys. §7 08RD06 (2018).
j(-%ﬁ_&._n:l ft, & AR 89, 333 (2020).

] R. Oshima, et al., Crystals 13 370 (2023).

1. Shoji, et al., Solar RRL 6, 2100948 (2022).
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I-VXIZERDIEI AR MEICRILT 7

GeZ:AREFl 10 Rl 5

ﬁﬁ:n.ﬂ)ﬁﬂ'] L ‘ s
e . AHARDOT7 70— WERDAE
VAR E Tl RS EAERSN TOAA, Bl . | =
31 2 = &k YIS BB 46 AR T 1Y Germanium-on-Nothing (GON) Epitaxial Lift-Off (ELO)
. BEIRIDSE TRRIRMIKRERZEZE HHTHY. oo uair | _’\

ERBFAZECI-KNIBEIRANT OV HLIA
e GeH *&(ix {%rbl/ \/\AEEﬁh‘ﬁ‘%fﬁ (') Ef-:,l‘l__: - Anisotropic cylindrical pores

b [1] [2. "_! \ :
Ge-on-Nothing foils | - AlAs 4544 B
o SO, GeER) YA LM DIEZEIZR T T, FREH Crvetal arontr 8 WalETIrEUSE B3R KL (Sior CIGY)
A DENGeD B 1 TvF 4 HiliZICP-RIET& — _
It’;‘;:\;;&’;;&g)l*7f7 Y soaree] ﬁ O TyFo T NIEMEMN (BFRET D)
xi < ~ O KR LA B
| » EaXTUTL—b L_J

] JXFC‘E*R |’ @F:ﬁ%ﬁ
O HF B &N EMRETE

’ Foils transfer
HVPE [3] —

D it (BHARN 5> BEE)
x N TIERERES T PEEICEF T NARG é#’L’CL\ésnlcon -on- ‘
| (EE. BENRRNE) Nothing (SON) : S'iﬁl’EGelqﬁ ] [4] [5]
- 82T I » GONFEE D =8O 12 B WU N T itz ] %R GONFiTIZ &Y [A] %
TEEATTT R=—tzgvy) Tt
EE " [Psonc-rome | A1z ICP-RIE Bosch process

v flhisime ) |
S0 flacon ioiimbl] L con | @1om Pove
-@’- 8 // /// ’ _ 737\2r—rl 1EIJ”*{% R N T2 Ak
o O , -7 Re.lon
'.g /// R vy gv -
ITLJ) ) // /Q//// _Sample

2 F e

§ 2
0 | | | é Bias
0 0.5 1 1.5 2 T -
Diameter [um] v SEEEELSFS P = : TyFY

& Wl O/ E(35%~45% [8])- T ANTLL Ef;%nbj?—gx:\—?g&; ;/7_2%{: V RIEEATTF T LA REIR

AR(55~12 [9])®EH¥IZ;UGONHE4E(1’) =] ”'“x - 0)7—_“7—:%&':_'5_‘—%)3/@ [10] : .

HYEI{E B] gE vV SR . ETF7ARIAEOE A M ‘ TyFoF8NIRRIIR

) “S0 v ~ VT yF 5 EERD
® SONEYLBT RROLABE TyFo Yy ‘Y ANIHLDRBITIT 7T ARBORN
faEoR

Bosch process Bosch process
| SF6/C4F8IJ:|$|:IjJX | SFG/C4F8/]:I:|:|jJX Ija,_/bsjjsx SF6/Ar Ija'—‘/ﬁsjjx SFG/Ar
ICP: 480 W, Pressure: 5 Pa ICP: 200 W, Pressure: 1 Pa {2584 2: CHF 2% 2 C,F./Ar
XY > > —_—k " R > > —_—hk I 3 4" 8
TYF2 7L~k 1.2 ym/min TvF=7L—F: 0.3 um/min TyFL4 L—h: 0.1 pmicycle TyFL4 L—b: 0.1 pmicycle
AR=0.9 AR=2.4 AR=18 AR=4.5

V' SF/CFBEARERN-IYF I T BNAT— BEEATCEAMIVFUOIRENR LT SILER LT

v' Bosch processZFFWV=ITyF Y Tld, REHARELTC FJArARZRAWNSETIVF U L—FDIETHEAEIYF I MNAIREREA, TvF T
EDFEMEICERENE T

J

F EHESERDTIE SEXM

® Gex/\—NWMNMITOERXTIL., Bosch processzFHLVSZE, TR 1] M. Bosi, G. Attolini, Prog. Cryst. Growth Charact. Mater. 56, 146-174 (2010).
BN — END&REILTHIETETARINEDEAEIYFY 2] V. Depauw et al., Prog. Photovolt. 31, 1315-1328 (2022).
MRETET, 3] R. Oshima et al., Crystals 13, 370 (2023).

® SEXHTHEIVFLIAEDFREME FHEDEGLIFBELILE 4] V. Depauw et al., MATER SCI ENG B-ADV. 159-160, 286—290 (2009).
——C,Z?i?:—)bl:J:éGON%HEODﬁ?)ﬂi"c’ﬁiﬂ,\ L) s b Ty F 5] M. Jurczak et al., IEEE Trans Electron Devices. 47, 2179-2187 (2000).
S XA S ItA 2 - 6] J. Kim et al., Nano Lett. 16, 1537-1545 (20106).

- /] X. Hao et al., IEEE Sensors Journal. 14, 808-815 (2014).

Eﬂﬂ 8] S. Park et al., Joule 3, 1782-1793 (2019).

AR (D—F) . XEEFEI<TU7ILEIm )Y —FA2 T3] 9] M. G. Jeong et al., J Microelectromech Syst. 31, 183-185 (2022).

£X (REE = JPMXP1223AT0352) DX gz = 1T1=, 10] V. J. Genova et al., J. Vac. Sci. Technol. B. 36, 011205 (2018).
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| nGaAsEHOEEER 71 /VichIlT 7= RE SR FHFE

S EADIZ]ip #cEe= 7 (TPV) [1-3]
o FANERTE S(TPV)IEXER(1000-2000°C)DH—T LTI vAM L D EEEST A TPV AT LHRRE ShERHST

AWTKGEMEZILIZKYRETHEMNTTHS.

* 0.75eV Iny3Gay ., AsIETPVICHE L= B EL THREARNED LN TS
[1-3]. F RIE, 20224F In; ;Ga, ,,ASHERRA ) TATAEELIZENT, H#HE
m LN LD EHEFNER13.9% 2 Z R LT=[4].

« TPVOEEIZIE, SEBERZBEIEICLIYEETHEIEREXDIE
M EEELS[2,3].

» RILKEERBETEMEITOARAEKGEM(CPV)TIE, RE
ICEAHENERDERNITHON TS -

e 5O, BIEIEFBEZBRIEL, InGaAs TPVEILIZRLCPV TRV A TLY

> TPV1Z)L
a

RHICKOBHIA E<E,

\
» BRDIFRITIRLEN =0, Fr R
BERANDICANEAFEN TS,

| -

EBOWE

mil
LU

HEREEWBIIRZEIHRAL, £EXAEICLIESERT E TOFEMZEIToT-. o Ex) ZEAFRE, EAH, RTFEEEW
\EEHR  \(JYyrBEHE /
I = B SR
INGaAs TPVt JL eSS RAEGFRELTPVEILOERERBE) DR
1.E+02 _
By —R S FEITESFS —(MBE)E * 1000-2000°C D RIREEFH KLY, (&
+ 242 FInP(001)4 TEAR (2° to (111)A) LIZHILEEEE T AL e 10 A{;m;"—fii) B
. BIERENZ - R EEER /s Al E + BEREE A%
SIEmZEHIA T BB IR (1 IR/ N F—2) &+ H[5) § 100 P R DB B AR
TPVHILIEE 5.0 mm 1 pi. TL, REAENET
= TPV )LD EMFREIZITE TR
__ 1.5021000 1200 1400 1600 1800 2000 DIEBHER
n” InGaAs base, 2 um l o BFIR/\NF2—> Temperture (K)
e Ti50 nm/Au 500 nm
n- AllnAs spacer, 40 nm o o L—
p* AllnAs eitter, 100 nm * 7\‘ U Y I\\II]EEE 2_0 Lm Eyu;ﬁm&ﬁ 0.1 p
p* InP 200 nm « J1)vkHbm 96 vigg _ﬁi)ﬁ\%ﬁf— |E EIIIEE[ 8] .
yrom SRUMERAHARENES, ABER)  ® |
JVEHEUTORTEZONS. € 0.06 .
q(V — JRs) S .
Ao ? FF ] =1Jo {exp( 1T ) — 1} —Jsc S 0.04 =
TPVEIOENXRIE 0.8 — n S 8
— — = S 2
+ AM 1.5 GTOEHHAITE 075 b et T Voo SO0 | 0.02 E 0022 em
5 Lighted J-V g L e \ WV _ g (T 1 S BREUIGHET o b
. = \R (-
& 123 suns C 0.65 EIETBEEDOFFMET dJ q Jsc dv/ain RS‘ R 0 1 2 3
3 e -~ - /)5 ((A/em?) )
< o %suns O\ 06 | ETILOEHLIE-ESER
2 gomns oss L ¢ TIMEAIZ&Yn, plB- S B IEAIEH, nfES —HiE
E 2T Max efficiency (43 suns)\\\\\‘\\\ 0.5 e E—— *IL;EQE“;E N , /
% — W 0.1 1 10 100 o J)yFERZAEL, €ERIERELBIE6]
St \‘:\ Concentration Ratio e ETILAMALERE E_,*ﬁd)*&*ﬂ%ﬁL_[[S] = Ei”fff*’;“ﬂ
1 sun \ ’~ JE —Hin
" L W ° :‘FJVUTJJEix, @@L J:LJDAEOD*&*R%ﬁLj /
O 0 01 02 03 04 05 06 14 Eh=E - | avsorER /
Voltage (V) 13 | ® IBFIRNE— IEE] *E*ﬁhjzﬁ
ﬁxgm%$ (43 SunS) o * ) | Rfront_grid Rspreading Rfront_contact Rp-layer Rback_contact Rtotal
I V. n 12 . (Qcm?) (Qcm?) (Qcm?) (Qcm?) (Qcm?) (Qcm?)
(A/cm?) (V) il (%) S 11t . 1.52x10°3 7.74x10% 1.74x10% 1.25x10°® 1.39x10% 2.27x103
BFIR - .
jKg—y A0 Oelz 03l 2se Sl o J-VERHEDDET-EHUE (2.2x102 Qem?) [EETILIE (2.3x103 Qem? ) LB
2 o == T | f'... TIHTRELY
© ) L5 A/emiE14S0°COFRMEBSIICES | S SETFILEEROEBRBBDEL . EAEROESDEABE LA EeM
S<ULSOCORMBAISBVT EIE  0n 1 w0 w0 | |« REBEOSUYNER, T UYFROBEIEROBI& AKEL
ISR MAT- B D AT Concentration Ratio SEIEROBELDERIIE, 7 UyFRROI/ME, BEOBEEADE
l%ﬂllm ///%iﬁf
e |InGaAs TPV LD S shEAEA~MR]IT, CPVIZAALYL N AR E B IE M. W. Wanalss et al., Sol. Energy Mater. Sol. Cells 1996, 41/42, 405.

L S /. Omair et al., Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 15356.
RARERAL, BIEROERICRYMATL e o N e oot
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B ENERTIZA-ENTASIEN BTGNS R ERFT- ABHHBHE HEHE2022)

. — = A. R. Moore., RCA Rev. 1979, 40, 140.
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@AFELARIR P EBILT DARBEAAEE LT G700 —7 MBE  MOVPE  HVPER
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1.5 eViZGalnAsP R ik & 1)L O R 5 FH i > BEAEEIEREICA b LSt OERE % HAATA
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= (~30%) GaAs//CiGSe& > F L

AR RORE

 EADT=F %FisE

COEIBIZRITTHBEIRILTF—DRAFENEHONNTEY . 15 Modified smart stack (&& ;%S HB)Z@ERAL. InGaP/GaAsky”
,k-l:rﬁifzgj]ﬁ:%/\ﬁ)j(ﬁ FhiZE A HIELNEDOT O TR L. CIGSer R AILNGHAIESEELZHRIEL-. FKIZ. B3
AINTWNA, BEFEOBINETO=OIZIZHREBNEI0%. 1kW BD=ODIZ. 20T LRAELTHEHIELI=-E14EECIGSe1z )L )% 1#
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Ak (° ﬂﬁa— S TEEE) o Y. Kamikawa et al., ACS Appl. Mater. Interfaces, 12, 45485 (2020).
 IH7E. . ERILH ;»E, LXE#FEIL (414> F1) OB F. K. Makita et al., Progress in Photovoltaics, 29, 887 (2021).
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=» Insulation Breakdown in PV System
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-Si PV Cell \

Backsheet

— Electrical Safety Hazard (Electric Shock / Arc Flash)
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— PID (Potential-Induced Degradation)
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[Panel 02] AC Imped

[Panel 04] AC Imped

[Panel 03] AC Equivalen
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