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- High power conversion efficiency
- Easy fabrication
- Low cost

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.

Figure. 1 Typical mesoporous-type device structure,
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Figure 2. Chemical structures of Spiro-OMeTAD, reference compound

Spiro-N, SF27 and SF48.
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1. The photovoltaic data of the PSCs based on non-doped HTMs
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Table 2. Photovoltaic parameters of the PSCs
for HTMs without dopants. (Thickness of

o5 HTMs; 50 nm)
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S Jo/
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Voltage (V) The PSC based on non-doped

SF48 exhibited the best PCE.

Figure 5. J-V curves for the PSCs based on non-

doped HTMs as measured under AM 1.5G solar
irradiance (100 mW/cm-) by a backward scan.

4. Hole extraction ability
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2. Dependence on the film thickness of SF48

Table 3. Photovoltaic parameters of the

25 . | . . . PSCs based on non-doped SF48 with

‘?E - various thicknesses of the HTM.
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Figure 6. J-V curves for the PSCs based on non- layer showed the best PCE.

doped SF48 with various thicknesses of SF48 as
measured by a backward scan.

5. The cell performance of the best PSC
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Figure 8. TRPL decay curves of the pristine
perovskite and perovskite covered with non-
doped HTM films excited at 532 nm.
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Figure 9. J-V curve for the highest efficiency
solar cell based on non-doped SF48.

The PCE is higher than that for the doped
spiro-OMeTAD-based PCEs.

3. SEM image
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The optimal thickness of SF48 was only around 20%.
SF48 is cost effective HTM.

Figure 7. Cross-sectional SEM image of SF48-based device.

6. Thermal stability test
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The initial performance was
maintained for about 1,000 h.
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Figure 10. Change in the efficiencies of the solar cells based
on doped (blue) and non-doped Spiro-OMeTAD (grey), and
non-doped SF48 (red) at 85 °C in ambient air. The PCEs
were provided by backward scans.

We have successfully synthesized and characterized cyano-substituted spiro-typed compounds, SF27 and SF48, for use as HTMs in PSCs. PSCs with non-
doped SF48 exhibited a high PCE of 18.7%, which was comparable to the reference PSC with doped Spiro-OMeTAD (18.6%). In addition, the thermal stability
of SF48 at 85° C in ambient air was superior to Spiro-OMeTAD, both with and without dopants.[1] Therefore, the SF48 spirobifluorene-based compound is
determined to be quite effective as a high-performance dopant-free HTM for PSCs.
[1] N. Onozawa-Komatsuzaki, D. Tsuchiya, S. Inoue, A. Kogo, T. Funaki, M. Chikamatsu, T. Ueno and T. N. Murakami, ACS Appl. Energy Mater. 5, 6633 (2022).
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Application of TiO,/metal bilayer as hole-selective

passivating contact in crystalline silicon solar cells

Takuya Matsui', Shona McNab?, Ruy Sebastian Bonilla¢ and Hitoshi Sai’
1 Global Zero Emission Research Center (GZR), AIST, Japan
2 University of Oxford, Department of Materials

Al-BSF (Back Surface Field) PERC Passivating contact
SiN,:H SiN,:H SiN,:H
S .

® Simplest process ® Rear passivation with partial  ® No direct Si/metal contact

o N<20% Si/metal contact o n>25%
® nN~24%

B Materials fulfilling these requirements are generally rare.

1. Surface passivation
2. Carrier selectivity

3. Low contact resistivity
4. Low optical loss

Requirements
of passivating
contact [1]

B Currently, Si-based contact materials are available (SHJ,
TOPCon).

B Any non-Si material as good as Si-based contacts?

We have developed ALD-TiO, nanolayer that uniquely functions as an efficient hole-
selective passivating contact [2]

Impact of capping metal

(a) (b)

Metal Al Ti Cu Ag Au Ni Pt Al Ti Cu Ag Au Ni Pt
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B High J . is obtained when using metals exhibiting high infrared reflectivity (e.g. Al, Cu, Ag, Au) .

B Abrupt change occurs in V. at WF~4.3-4.6 eV.
B FF is less dependent on WF but some metal results in high and low FF.

B Efficiency is mostly determined by V_.. Ag provides the best performing device.

Conductance-Voltage (G-V) measurements (conducted at Univ. Oxford)

1 :
Al and Au contacts on TiO, | Low metal high metal
Al/Au —l_. Work function - ork funcl .
TiO, I P A S {4 AP | i
Al recombination . A Qi f
UMIVERSITY OF n-SI N e E. ) ﬁmn > E
OXFORD I v [Cooes ‘
Al o d
TiO,
TiO,
€ . o Carrier inversion
3 L ) r .
g L Tio,S, (induced-junction)
E T, TiO,Si,
8 it-mg=1 02 em? . .
D10 o B G-V: flat band occurs at higher voltages for high-WF

thickness = 5 nm

E-N
T

metal (Veg(Al): ~0.4 V, Veg(AU) : ~0.9 V).

N. =15x10" cm?
dop

NE WF, = 42eV
o, % T 7T B Analysis [4] indicates the presence of negative fixed
S ol im0 qem? — N .. ¥, charge (>10'? cm) in the TiO,, independent of the
' ary 1 . capping metal.
’ Vo?tasge [V] 1 " pp g
Flat Band B Field-effect passivation is a major mechanism.

B High-WF metal is important to retain carrier
inversion for n-Si (carrier accumulation for p-Si).

B ALD-TIO, is applied to the rear of Si solar cells as a full-area hole-selective
passivating contact.

B Passivation is greatly influenced by the WF of capping metal. WF>4.6 eV is
essential to retain field-effect passivation and hole selectivity.

B TiO,/Ag contact performs as high as SHJ with an improved infrared reflectivity.
Proof-of-concept devices show 20% efficiency for both p-Si and n-Si solar cells.

B TiO,/metal as an alternative contact in PERC is proposed, which is expected to
provide less process complexity and improved performance (e.g., from 2D to
1D carrier transport and higher infrared reflectivity).

~Shading
7 mask
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R

a-Si:H
p-Si Tio, TiO,Si,
(~5 nm) (~1.5nm)
Capping TiO, (~5nm)
metal -
TV R Metal

-

front rear front rear
B Front texture and rear planar cells were fabricated (FJ for p-Si and RJ for n-Si) [3].

B ALD-TiO, hole contact layer (~5 nm) was deposited at the rear surface of p- and n-Si.

B TiO, was capped with 7 different metals (Al, Ti, Cu, Ag, Au, Ni, Pt ) having a range of work functions
(WF: ~4.2-5.6) , by DC sputtering or e-beam evaporation.

B No metal penetration through TiO, layer is observed.

PL measurements on device
Al Ti Cu Ag Au

Ni Pt
.|

Liol BLll L L)

HFEN| |NFER] |NEEE]

-

Al i C Al Ni . . . . .
. w42 43 46 47 51 -1 56 M High lifetime (>3 ms) was confirmed prior to
5 I I I i I i ' metallization.
0.70 | 1 I 4= 1F 1 1 ]
SO S ot N (WU | SV SO S ..
R T T 7%EAMT;;$E‘§E;§§m 1 B PL measurements (A=850 nm) was done on finished
>oe0p 4+ 4 4+ 4 "7 4 1 solarcells.
8 0_55; __ Eld 1k Bl i i ] . . - . -
> ol 1 B PL signal intensity reflects passivation degree at the
045 rmigml, | rear surface.
od0f g A= B Low-WF metals (Al, Ti): Passivation degradation

] _ _ occurs only for metallized area.
PL signal intensity correlates

well with V__. B High-WF metals: Relatively, high passivation

performance obtained. PL reflected by the rear metal
contributes to enhancing PL signal (Cu, Ag, Au).

Comparison with various rear contacts (p-Si)

TiO,/Ag std. SHJ SHJ wo. ITO Ag
Tio,  (A) (i-p)a-Si:H (B) (C) (D)
(~5 nm) (~10 nm)
ITO — A WA
A
AL LU L N N L >\']_O — 7T T
S 40 F (B) a-Si:H/ITO/Ag e -
c < 3 S i
O [ o~ o 0.8 N 7
T a0l I
= A) TiO JA [
> | (A) I. JAg £ 06} ]
@ 20 i (C) a-Si:H/Ag % :
) l ' i
E [ g_ 04 : ]
c I —_
o 10 - . \ @® N
[l i cC [ i N
= p-Si (D) Ag | S 02f —WTows :
@) i ‘§ [ (C) a-Si:H/Ag
[0 J AP R B P S B A L L _~~~(D)|Ag | N\
00 01 02 03 04 05 06 07 0.0 =— ' — —
1000 1100 1200

Voltage (V) W avelength (nm)

Comparable IV performance (20.3%, p-Si) with the conventional SHJ (a-Si:H i-p/ITO/AQ) rear contact.
Similar result obtained for n-Si (rear junction) cell.
Highest IR response.

Efficiency is limited by the low Jg; due to parasitic absorption of front layers (ITO, a-Si:H i-n).

] T.G. Allen et al., Nat. Energy 4, 914 (2019).

T. Matsui et al., ACS Appl. Mater. Interfaces 12, 49777 (2020).

T. Matsui et al., ACS Appl. Energy Mater. 5, 12782 (2022).

] R.S. Bonilla et al., Sol. Energy Mater. Sol. Cells. 215, 110649 (2020).
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. An orlgmal one-step solution method to fabricate
5|I|con nanopyramid texture and its application to

crystalline silicon heterojunction solar cells
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The needs to reduce texture size AgNO;-assisted alkaline etching [ Y Y - TS -

Reference AgNO,-

electrode \\>/ ‘ / ' 4 0 Thinner Si solar cells. SUbStrate.S preparation KOH only (conventional  assisted
\aaaas s nanaa ) O Finer screen printing.[!] n-type c-51 <100> Sem x Sem micro-TEX#))  etching
n- & O o ite/ Ip g'd | Acetone by supersonic cleaning Etchant KOH KOH KOH
p-Si erovskite/silicon tandem solar
JI . . .« .
electrode /\ \}/i' - cell. Alkaline etchlng (condltlon A, B,C) Surfactant X TK81 TK81
S » * KOH solution(48%) Masking 5 1772 AI8N93

(Pure EtchTK81 Hayashi Pure Chemicals Ltd.)

»Si pyramid < 1um * Uncontrollable masking effect. . AgNO, solution c-Si heterojunction solar cell(57]
j:mtaa!lbﬁzxf?rrfies\i/zeeloa;ed dlzgie;\c/h(;g%i:;neirgm : ﬁ??plicatEd Process (AgNO,: HF: deionized water) é (p) a-S.i.:H (5nm)
' gh cost Ag removal S~
One step wet etching pross to fabricate Si nanopyramids * HNO; solution i, (Hemenoy i
| o Etching time: 15min ng_:/D —
Purpose Small texture size + low fabrication cost Temperature: 70°C Alkaline etching (C)

* Sinanopyramids * Cell performance from |-V curve * External quantum efficiency (EQE)
() koHonly  (DReferenc (@ AgNOs-assisted 38.6. [ |Ref 100
AgNO, e etching g, . 07 = (1).8r|\r/|1M _
content: 7 b ata : 5 o 084 — | -1rgm|v|
5! E ™ ’
f;g’ 38.21 > |l - - *
OmM 3 - 3 )
g 380 N ! == ~ 071l ' -
37.8. - g
o-emi 0.81 21_9:
0.80- L L R 016l o L i .
L 0.79 =~ * . 9\;21 AR S
1mM - | ' [}
0.781 | 2
| 1. 21.0- S 104/
0.77. @ 5 = |
| | | | 20.7— . . . S
Jsc Voc(V) (%) - 400 600 800 1000 1200
1.2mM 1. 565 nm (mA/cm?) Nt Wavelength [nm]
A: Few pyramids o — - i3 37.89 0.715 O > Si nanopyramids fabricated by
L ' . T Nano 38.35 0.714 0.795  21.75 AgNO,-assisted alkaline etching
» etching masks are removed quickly due to high etching speed.  Pyramid method exceeding the EQE of that of
B: Uniform pyramids with almost unchanged size. OAdvantage inJ,. industry-standarngi <olar cells
» The masking effect is not enough for nanopyramid formation. v Improved light absorption. . L
, » Great potential for the application in
C: Si nano-pyramid formation. OAcceptable change in Vy.and FF thin Si solar devices
> Controllable size by the amount of AgNO, additive. Oimproved conversion efficiency than reference. |
e : : . ) (i) Without AgNO (i) With AgNO
~ Reference KOH+AGNO  AGNO,-assistedetching — Gtep 1- Ag plating Step 2-Alkaline etching ouon ’ soton
Oxidability: Ag* > H*  Si+4H,0-> Si(OH),+ H, |
Si + 6F > SiF .2 + 4e° Si(OH), = H,Si0;+ H,0
Agt+e - Ag HZSIO3 + 2KOH - KZSIO3 + 2H,0 (i)
* Medium etching rates High etching rate, * I\/Idium etching rate, . l - . l _
large bubbles small bubbles tiny bubbles Si+6F +4Ag" - SiFg~+ 4Ag  Si+ KOH + H,0 - K,SiO5+ 2H2T
Without AgNO;: . . .
CEtchant: Anisotropic etching with H, bubbles = ° Effec.tlve masking effeFt anfj low etching ™
generation, resulting in pyramidal textures. rate is the key to obtain uniformly
AGNO, -assisted OSurfactant: Removing H, bubbles, slowing distributed and better texture control.
: ! down the etchi tion. _— . .
® OO0 OWN tNE ELENING TEACLION . * The equilibrium between AgNO, and TK81 was achieved at the appropriate
CJAg nanoparticles: Etching mask, removing , o ,
ratio, resulting in dense nanoscale pyramid textures.

H, bubbles, accelerating etching reaction.

l. A simple one-step method to fabricated Si nanopyramid is developed.

1] M. Ju et al., Mater Sci Semicond Process 85, 68 (2018).
Il. Uniform pyramid texture with an average size of 300-500 nm are formed, 2] C. Nguyen et al., J. Mater. Res 33, 1515 (2018).
with low reflectance and low etching margin. 3] Y. Ota et al., J. Appl. Phys 58, 045505 (2019).
Il. J.. of c-Si heterojunction solar cells is increased even with submicron 4] S. Zhong et al., Adv. Funct. Mater 26.26, 4768 (2016).
textures without loss of V, or FF.[9] :5: AP. Amalathas et al., ] Micro Nanolithogr MEMS MOEMS. IntechOpen, (2018).
6] H. Sai et al., J. Appl. Phys 124, 103102 (2018).
7] H. Sai et al., Prog Photovolt 27, 1061 (2019).
8] J. Wang et al., Sol Energy. 221, 114 (2021).
9]Y. Li, H. Sai, T. Matsui, Z. Xu, V. H. Nguyen, Y. Kurokawa, and N. Usami. Solar RRL 6,
The small etching margin and unique optical performance of textures makes it promising to 2200707 (2022).
be applied to thin Si devices, and show interesting prospect to be applied as the bottom [10] C. McDonald et al. ACS Appl. Mater. Interfaces 14, 29, 33505 (2022).

cell in perovskite/Si tandem solar cells.[1°]
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Abstract

e Surface passivation of crystalline silicon (c-Si) Is studied during
growth of a hydrogenated amorphous silicon (a-Si:H) and epitaxial
silicon (epi-Si) passivation layer at subnanometer to nanometer scale.

e The passivation is improved by the growth of an a-Si:H layer, where a
large band offset Is formed at the a-Si:H/c-SI interface.

 The passivation is deteriorated with the growth of an epi-Si, because
the band offset is not formed at the interface, and plasma-induced
defects are created In c-Si.

SHJ solar cell, interface defects and carrier lifetime

light
Ag contact 4 L 10ms 800
TCO I l o  Ims}k , =
ﬁJ "' "‘ F = ?DD __E__
(&
t.l......‘ defects % 10{]“5 — :D?
2 = = 2
) = 1oush 600 £
m_. c-Si wafer ¢
e ) Tus _; ' ! ! — 500
........... hm ®© JL IT§5 Qs £
3 S0 % P8 3
3 &g ®= E ¢
= OF 7 L 5
C o
* |n silicon heterojunction (SHJ)  The carrier lifetime, I.e., a measure
solar cells, a-Si:H layer plays for the surface passivation, varies
Important roles in surface throughout the fabrication process
passivation & carrier selection. of SHJ solar cells.

a-Si:H and epi-Si growth on SOI
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e Cross-sectional TEM images of passivation layers grown over SOI at different
hydrogen (H,)-dilution of (a) D =0, (b) D =5, and (c) D = 20.
 (a)An a-Si:H layer is grown over the SOI. (b) An epi-Si layer is initially grown
In a few nm, and then an a-Si:H layer is grown over the epi-Si layer. (c) An epi-
Si layer is grown from the bottom to the top of the passivation layer.
S. Nunomura et al., J. Appl. Phys. 128, 033302 (2020).

Model: band diagram, defect levels & carrier dynamics

(a) (b)
. a-SitH c-Si . epi-Si c-Si
- (i-type) (p-type) -~ (i-type) (p-type)
| ' © | | e,
o Ec | Jf =
(|v):? (i én) (i) . (|v)__?il, (iu)_\l, éii) (i) -
S S S
: Vv A yar) Vv
— S B
band offset | SERlng

e (a) a-Si:H / p-type c-Si and (b) I-type epi-Si / p-type c-Si.

« The recombination centers are classified into four groups, depending on the
location of defects: (i) bulk Si defects, (i) interface defects, (iii) bulk a-Si:H or
epl-Si defects, and (iv) surface defects.

* Inthe a-Si:H/c-Si stack, the carrier recombination is dominated by the
recombination centers located at the interface and in bulk Si, denoted by (i) and
() respectively. In the epi-Si/c-Si stack, the carrier recombination comes from not
only at above two centers, but also the recombination centers located in the epi-
Si bulk and surface, denoted by (ii)) and (iv).

EXp. setup: In-situ real-time photocurrent measurement

e Silicon on insulator (SOI) I1s used as a

.0
4 . plasma
*
4 & o*
laser 00 o*
light
g L ,~

GND electrode ¢

2

A 4 sample for the photocurrent
measurement.

e SOl is illluminated with a
semiconductor laser (620nm, 1ImW).

photocurrent

"‘
“
<
‘ \’o‘ .+/ aStH
<
SOl
BOX

substrate

« The photocurrent is measured during
nlasma proicessing and subsequent
postannealing.

n experiments, the treatment time (At)

and temperature (T) are varied.

S. Nunomura et al., Appl. Phys. Express. 12, 051006 (2019).

Experimental results

Time evolution of photocurrents
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Time evolutions of photocurrents,
l,, In SOI during growth and
consecutive annealing at (a) D=0
and (c) D = 20. For comparison,
the time evolution of |, for H,
plasma treatments is shown in (d).

|, Initially exhibits a decreasing
tendency for a series of growth of
an ultrathin, and then it exhibits an
Increasing tendency for growth of
a relatively-thick layer.

The decreasing tendency
reflects the deterioration of the
passivation.

=> “defect formation”

The increasing tendency reflects
the improvement of the
passivation.

=> “defect annihilation”

Photocurrent & passivation / deterioration

| /]

10.0 pre—r—rrrrrm—r—rrrrm e
[ |----Ik--- D=0 N
[ ... .¢--- D=5 '

| ----¥--- D=10 d, F o
.--@--- D=20 .

I : "'_
= #.‘,‘P
®

LOp Py Mty
- "y " o by :

T
0.01 0.1 1

d (nm)

Summary

* |,/ 1s reduced with d for an

ultrathin layer (d < 2.5 nm), whereas
It Is increased with d for a thick (d >
2.5 nm).

The reduction in |,/l;, I1s enhanced
for a high-D case.

The change from the decreasing to
the increasing tendency of |, /1,
takes place in a range of ~2.5 nm,
Implying the carrier diffusion length.

S. Nunomura et al., J. Appl. Phys. 128, 033302 (2020).

The surface passivation of c-Si Is experimentally studied during growth
of an a-Si:H and epi-Si layer by using in-situ real-time photocurrent

measurement technique.

The passivation is maximized for an a-Si:H layer growth, due to the
formation of a large valence band offset and band bending near the
Interface between the a-Si:H layer and the SOI. The field effect plays an
Important role in the passivation.

The passivation is deteriorated with an epi-Si layer growth, because the H-
mediated bulk Si defects are formed. Besides, the band bending is not
fully formed near the epi-Si/SOI interface.
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In Perovskite-Si Tandem Solar Cells
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® Essential to collect charges generated in the top/bottom cells - electrons (from the top cell)

recombine with holes (from the bottom cell).

® Usually ITO is used, however, there are several disadvantages:

® Optical losses (reflection and parasitic absorption).

® Necessitates additional physical vapor deposition (PVD) process between the top and

bottom cell fabrication.

® Contains indium - price is volatile in the supply chain and thus the amount of

consumption should be as low as possible.

® In this study we replace ITO with an in-situ deposited (n) nc-Si:H by PECVD.

® Study the effect on device performance and contact properties at the RJ, and the evolution

of the RJ properties as the (n) nc-Si:H thickness is varied.

No RJ ITO

Sn0O,

2

T @&

ITO

~20 nm

¥ @€ SnoO, 4

~10 nm

Top cell (n-i-p configuration) _L

®"|TO/Ag (sputtered)

"HTL: doped

spiro-MeOTAD (spin-coated)

" Perovskite: Rbg o5(FAq g3MAg 17)0.95Pblg g3Brg.17 (SPIN- Perovskite

coated)

"ETL: SnO, (spin-coated)
Recombination Junction (RJ) Layer

n-type nanocrystalline Si ((n) nc-Si:H) by PECVD
Sputtered ITO
Bottom Cell (front emitter)

® Silicon heterojunction (SHJ)
" Textured (rear), planar (front)

(n) nc-Si:H ® Investigated various RJs on the solar cell device

performance.

~20 nm

the RJ layer. 6

depletion at the SnO./(p) a-Si:H interface.

® No RJ layer exhibits S-shape due to charge carrier

® (n) nc-Si:H RJ layer exhibits slightly superior Jg- than

the ITO RJ layer due to reduced interfacial reflection at

—
N
/d]

—
N

RN
(@)

Current Density (mA/cm?)
(0]

- ---- (n) nc-Si:H (forward)
—— (n) nc-Si:H (reverse)

6_
---- ITO (forward)
(n) SitH 4 —— ITO (reverse)
n) nc-si. o
SnoO, = ol no RJ layer (forward)
/ — no RJ layer (reverse)
VBM 8.0 05 1.0
Voltage (V)

g | e
Sno, £ ol 0 ayer
ITO or (n) nc-Si:H E
(p) a-Si:H >
) : @ 0
= (/) a-Si:H _f )
- ;
-Cj c
2 (p) c-Si 7 o -20
o~ 3 2:cm 5
‘; O
(p) a-Si:H 40
Ag (200 nm) , , ,
-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

® A test structure was fabricated for characterizing recombination current (electrons
supplied from SnO,, and holes from Si).

® No current should flow in the forward bias for the ideal RJ, whilst reverse bias should
exhibit high conductivity.

" No RJ layer results in high resistivity at low voltages (<-0.4 V), explaining the S-shape
illuminated IV.

" RJ layer (ITO, (n) nc-Si:H) facilitates current flow at low voltages through the RJ.

" ITO RJ layer exhibits significant shunting in the forward bias (reverse bias in the solar
cell), possibly causing a lower V.

UV (A=325 nm) Raman Spectroscopy ./J/\('i“jl Initial growth (~10 nm): 22 . T e
- 57 nm 1 Nanocrystalline islands in . .
. L - N : —~|  amorphous matrix 20¢ I ® (n) nc-Si:H outperforms (n) a-Si:H
Crystallization is identified at ~10 nm, but . (n) nc-SizH ) RJ for anv thickness
nc-Si:H layer still exhibits amorphous-rich £ ‘_//\jj_n;n\_, 18 i e | y '
character. < ,_,///\i):ii <16 i T |
- 8 [ 18 nm 1 < :.: g. P
® Above ~20 nm the layer exhibits = L 1 Growth > ~20 nm: o : ¢ | & ¢ 20-30 nm (n) nc-Si:H RJ layer
. = Nanocrystalline surface coalescence 14 o . .
nanocrystalline surface coalescence. 5 | - WY E ‘F - . 1 tends to give superior
® Umishio et al. found that full /\i’j\“/ o 127 4o S = s performance.
. I nm N a | | 1
nanocrystalline surface coalescence can Z 2 ol ¢
occur at ~15 nm. [1] o e ek : : 40 |
N ® We observe a decrease in
Raman shift (cm™) 16 . . .
- 118° reflection as (n) nc-Si:H increases
M ;‘—"—H"—-—--u:gi;:;f;\""';;',:;u_-;,-_.;-_-; ; Coplanar Dark I-V Measurement - 150 from 10 nm to 30 nm which results
103 % (n) a-Si:H 18 nm™ . . h h J
X w.0. Sn0O, (n) nc-Si:H 57 nm] ) . o 3 In Ig er SC-
< 10° (n) nc-Si:H 18 ' ® (n) nc-Si:H RJ layer ~10 nm exhibits » e S
< . | high contact resistivity and is similar to < . g
c n) nc-ol: nm . "‘; _“ >
o amorphous Si. 2. Lo ®Lower FF, Jgcand Vi for ~50 nm
= :" —— .
© ® (n) nc-Si:H RJ layer ~20 nm and higher . ) . | due to current mismatch due to Jgc
] leads to nanocrystalline surface 12l ' h ' ‘. res limited by the top cell.
PSS FOVTOTOTTIOA 0 TG A A coalescence which results in lower - .
-1.0-08-06-04-0.20.0 0.2 0.4 06 08 1.0 contact resistance. 20nm __ 10nm 20nm 30 nm 50 nm 20nm _ 10nm  20nm  30nm 50 nm 1.60
Voltage (V) (n) a-Si:H (n) nc-Si:H (n) a-Si:H (n) nc-Si:H
100 . . ) ) ..
oo Champion Device Performance — 20 nm RJ layer « (n) nc-Si:H RJ performed superior to ITO RJ, non-optimized
80t — 50nm ] ) ) ) ) . . .
% . *Highestdevice performance was achieved with a 20 nm (n) nc- cells achieved efficiencies of ~21%.
g o e Si:H RJ layer (~21%). . . .
4 5L yer (~21%) * |Interfacial reflection at the RJ can be controlled by varying
w40t iy 4 Gp PY . . . . .
These are unoptimized device for studying the (n) nc-Si:H RJ. the (n) nc-Si:H thickness
“ ® Jgc is strongly limited by reflection and parasitic absorption in the + nc-Si:H and SnO, ETL can provide a refractive index
: 2
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® Scanning TEM revealed a surface roughening (~ 10 nm) of the (n) nc-
Si:H layer.

® Interfacial mixing layer between (n) nc-Si:H and SnO, provides a
refractive index grading, acting as an optical coupler.

® Perovskite/SnO, interface is smooth.

thick spiro-MeOTAD layer (~200 nm).

® Device optimization in current configuration has been
demonstrated with efficiency >27%. [2]

........................... 8 ° See [3] for published results in full.
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Current Density (mA/cm?)

Voltage (V)

(MA/cm?) (V) (%) (%)
6_
4F 1572 1.814 74.8 21.34
27 forward —— reverse
8o 0.5 1.0 15

100

grading, acting as an optical coupler.

80r

60

EQE (%)

Perovskite

40+

201

15.07 mA/cm?

[1] Prog. Photovolt. Res. Appl., 2021, 29, 344—-350.
[2] Energy Environ. Sci., 2021,14, 4377-4390.
[3] Appl. Mater. Interfaces, 2022, 14, 33505-33514.
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Developing highly transparent colored reflectors for

1. BIPV combines photovoltaics and buildings.

building-integrated photovoltaics (BIPV)

Zhihao XU, Koji Matsubara, Takuya MATSUI, and Hitoshi SAl
Global Zero Emission Research Center (GZR), AIST

Covering colored glasses is one
of the applicable methods to
achieve colored PV modules

e Chemical pigmentsll:
NG: degradation

2. Colors of conventional PV modules are dark. Sensitive to UV, T, and H

Therefore: aesthetic appearance with favorable
colors is essential for BIPV applications

e Structured colorsl®!:
NG: nonuniform colors
Sensitive to angles

|

'= In this study, we focus on
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structured colored glass

Purpose: Fabrication of colored glasses & high n colored PV modules

Method: Dielectric multilayers + Texturing glass sheet + Encapsulation with cells.

B Comparison of planer/textured glasses
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B Fabrication and characterization of MLs on planar and textured (#220) glass sheets

Optical simulation: RSoft (RCWA) m Characterization
Sample preparation * Ellipsometry
. Planer and textured (sandblasted) glasses * UV/VIS spectrometer
. Multilayers with TiO, and SiO, (RF sputtering) ¢ Laser microscope
. Mini-modules with SHJ cells c J-V
o, Multilayers . Optical properties of TiO, and SiO
SiO () AN 41 0.3
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B Optical simulation results
» TiO,/SiO, Multilayers (MLs) on planer glass, 10 layers (fixed)
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1. The width, the height and the position of the main R peak are strongly
dependent on f,;,, and L, according to the interference principle

2. We choose f,,4, = 0.2 to fulfill a distinguishable color and an acceptable
optical loss.

Length (um) 300 600 900 1200 3. The R peak is shifted to longer A with increasing of L, indicating that

color is widely controllable.

B Colored minimodules

100 ——5% 100 T Planer, blue #220 & colored Textured & colored
high = V- high — Y- 020 = = =
30 Planar glass sheet 80- i = B Fe #220 glasgs sheet 0.8- 540 :*;ilzazrgarglass rianer, are Sk L= lou A=t altiili
L =150 nm -
X 60 < 60 L =170 nm
T = L =210 nm i
& 40| & 40 — S
20 20 0.4 - #220, bare #220 & colored Textured & colored
L =130 nm L=170 nm
0 . . 0 - - 0.2
300 600 900 1200 300 600 900 1200 Joc Voe N An
Wavelength (nm) Wavelength (nm) Glass type MLs FF
0.0 — (mA/cm?) (V) (%) (rel. %)
00 01 02 03 04 05 06 07 08
L=130nm L =150 nm L=170nm L =210 nm . B Bare 39.1 0.710 0.800 21.7 -0.0
3 ‘ ’ ' S e 0 anar
) Planar and textured glasses Blue (L = 130nm) 29.5 0.710 0.801 164 -24.6
_ with wide range of colors, Bare 35.8 0.713 0.801 20.6 -4.9
i;,;% o5 from blue to red are achieved. Textured  Violet (L =130 nm) 325 0712 0804 181  -16.5
N ST ST IR e PO S | | Cyan (L = 150 nm) 32.2 0.711 0.798 182  -16.3
Next: Encapsulation with cells (#220)

B Conclusion:

1. We investigated the possibility of color control in PV modules for BIPV
applications by means of structural colors (TiO,/SiO, multilayers).

2. The hues of colored glasses are widely controllable by simply varying the layer
parameters, even on textured glasses.

3. Co
4. Co

ored textured glasses show more uniform appearance with anti-glare effect.
ored modules with violet, cyan, green and orange with efficiencies from 15%

\

to

8% were successfully developed.

B Next plan:
Overcoming the nonuniform colors due to different incident light angles.
Reduction of optical loss by colored glasses using optimization of structure of MLs.

Green (L =170 nm) 29.7 0.710 0.803 17.2 -20.9
Orange (L = 210 nm) 27.5 0.711 0.802 15.5 -28.4
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Electricity price forecasting method for the
JEPX spot market based on ARIMA model

Xue FANG?, Jindan CUI', Jie BO', Takashi OOZEKI?, Yuzuru UEDA

1 Tokyo University of Science,
2 Renewable Energy Research Center, AIST

" . Variable description Variable selection process 50000 ..
- Japan's power trades expand in Japan Electric Power Exchange (JEPX) , Baaah , D Electricity demand (MWh)
market with the trade volume of the day-ahead spot market increased Variable Definition “nit TRL Stepl Step 2 Step 3 Step 4 sovoa
y P ) Dt Total demand of electricity (GWh)  [1] Q) O
. Net demand for electricity (total demand s
g Feed'ln T&I’lff (FIT) baSCd . between hOUSChOld Consumers and Dn minus Solar PV power generation) (GWh) [1] O O O O 30000 Total demand
electricity companies start to expire sequentially from the end of 2019. Gf  Fossil fuel power generation (GWh) [1] O O q By e Y
Gs  Solar photovoltaic power generation (GWh) [1] O O s
-Japan recorded large increases in solar energy and the growth is on Gh  Hydro power generation (GWh 1] 0 O O - 100 Price
course tO accelerate over the Comlng years X Gp Pumped-storage hYdfO@l@thlClty (GWh) [1] O B i . D0 1AL IV
Gn  Nuclear power generation (GWh)  [1] - - DReREeaRne i Ei EE :‘: : -;:: 2
/ Basic - ) N\ - Risk reduction Gg  Geothermal power generation (GWh)  [1] - Fig. The positive relationship between
Predictive Spot market GGb Biomass power generation (GWh) 1] O net demand and spot market price
research , pot _| = Guaranteed Benefits Fi  Blectricity imports GWh [1] O - : : o
[nvesti ga'tmg modellng price . Solar Promotion 7 Temperatures (°C) 2] O o) o) O * Step1: Vallqlty Ch.eCk
the predictor ( ARIM A) forecasting N W Wind speed (m/s) [2] O O O - * Step 2 : predictability check
\_variables / = \_ / \ / _" Net-Zero Transition Y Ps  System price in the JEPX spot market  (yen’kWh) [3] - - * Step 3 : multicollinearity test
Method Purpose Vision * The circle symbol (O) means that the variable passed the corresponding selection check or test. * Step 4: significant test

20
(yen/kWh) -=-Actual Model A =—Model B ™ Model C *Study area: Tokyo area, Japan
18
16 *Time period: First half of FY2021
; i D Study time: 4/1/2021~8/8/2021

2 Prediction time: 8/9/2021~8/15/2021

14 t f

12 i @ ‘f
10 A ;L f

*Data set: 1-hour data
Actual values (Model validation)

Predict values (Future practical project)

o
© ~ | -Model: ARIMA
4 8/9/2021 8/10/2021 @ 8/11/2021 = 8/12/2021 = &8/13/2021 = &8/14/2021 = 8/15/2021 . .
(Autoregressive Integrated Moving Average)
o O O OO O O o o O O O O O D L o O o o O o D O 2 2
eI, e
RV R S R = V=T < - T SV o T o BV o T R e RV R e R e A A e = s e o
— — — oo — — — “Software: SPSS statistics (28.0)
Fig. The actual and predicted prices result for one week
15
Model Dependent Exogenous variables* Estimation Evaluation (yen/kWh)
0dcC : 0
variable  py r Gw Over Under MSE RMSE  MAPE MAE R’ Y z-score** 10 | ©
A Ps - - - 94.64% 5.36% 5.900 2.429 18.505 1.565 0.847 13.499 - § é g
B Ps O - - 4.17%  44.64% 0.976 0.988 1.526 0.668 0.974 3.455 ) L T ‘T %
X D
C Ps O O - 33.95%  42.86% 0.996 0.998 1.724 0.693 0.973 3.586 o |=T >l< T 4-2.
D Ps O O O 54.76%  44.05% 0.971 0.936 1.489 0.675 0.974 3.460 g
Note: *Ps (yen/kWh) means the system price in the JEPX spot market. Dn (GWh) means the net demand for electricity (total demand minus h %
Solar PV power generation). 7 (°C) means the average temperature in Tokyo Metropolitan. Gw (GWh) means wind power generation. The A B C =

circle symbol “O” means that the exogenous variable is used in the model. **X z-score is the sum of standarlized scores (between 0 and 2) of ~ o

five evaluation results, where the R? scores took a negative value. A smaller X z-score means a better fit model. Fig. The error range

(Predicted minus actual prices)

» There 1s an obvious positive relationship between the net demand This study was supported by NEDO “Demonstration study of
(total demand minus Solar’s contribution) and the spot price of the photovoltaic power generation technology to create flexibility”.
corresponding timeframes.

» The ARIMA method combined with related predictor variables
improves the forecast accuracy in JPEX spot market. 1] TEPCO, https://www.tepco.co.jp.

AR Met logical A https:// .Jma.go.jp.
It can be basically fitted with a better performance in the <] JApAIl MICICOTOIOSICAL ASENEY, NUPS./AVIWW.JMd.20.]p

daytime, but the accuracy needs to be further improved. 3] JEPX, http://www.jepx.org/market.



PVZE A ELI=5FLIIETEPCSICE 9 283

SR RKRES'.BEX'.EAREZ. BARE . R&H{C
tRERF2, BEER2, E.Iﬂankiz
| RS EERr BAERGEIRIILT—AFR 32—
DRREBHHR—ILTAT R

> BAEAREIRILF—OEIETHDE RIZHEL, /1 /\—2FREHAEN >
> AVN—ZEBEDEMTENRKEDEENRLDTEHIE. BHARKD >
TEERBANEEIC

_ . “ T . L. —
> BAARIRILET—DOEMOBEERIREET 2V AT LNBE AR TR F—=RET LT — AV N—3FBIR(PVE)D
T 4 A BAHRK
". -6

ENRRIIA—EDOREIRILTF—FEEIRILF—ELTED
REEEEICHL. BEEIRIILE—2RE - RIRL TRFEZLTEIE

miy

RIFAER K NDEERF) . i

28 |

[=] 5 5B R D Rk 4

omom
. o
I

.
BI04 @$ — |
0 100 200 300 400 500 600 700 800 900 1000 P \ /

I.

TWh
m PV Wind Geothermal Hydropower Biomass Ammonia & Hydrogen m Natural Gas mOil mCoal mNuclear /r‘// {—Q%E'jj?\ (PV%)

&

I'II

J
IRILF—DiFD ]
J

ENRMDITRTEL

20305 D xwaﬁ%m EARMHSFOEMET A ILF—
(FBORITAILF—EARTTEN

E5)

Measured

o BEMIETADXERAENA ® PVERE ANELT-FFDHEEEEPCSDERRE s [P e
> BREUEHPCSD LT EE D F AZEAR e
> EEEj( == j] nmn l’/LJ: (:PV(i% Eﬁh\fg‘féb\ / PV‘\'/M I\/Ig?snuarled
-I jj I) ‘J 9 0) jJ[I Irradiance[W/mz] g
— = ‘“g'REJJ | o v
H;H; EEM; A > E-.I- #I:TPVO)H_x ==} j] 75\ Irradiance | T T y
AR —> RRKBENEEV AT LOEM L

Prmax[KW]

IRELI-FFLUEEPCSD B X

Governor & Turbine

1 AYIyE— | e LHE’_‘ij

- AVR

R E

FHRBAEIRRT
R TESHEHGF !

\

04‘ N

5 | @ RSB %
Zalb—i3ay

L]

— PVHIGE O UEIEPCSERE |
BHURTEPCS HAYSYE—DFIE T LT L

® 3alL—ia ETIL ® HHfZENRFDHILEEPCSDENE

B o o 3 >
SG — VSM Load — _A-requency, *ZE%%/Z-E *2%-:/-\'7—;(
R, Sc1 IMVA] Py [p-ul Sc2 IMVA]  Pyg, [p.ul APy [p.ul v
& RS}% e Case a 1500 0.53 500 058 0 . . P %‘ :O'BD
VSG Caseb 1500 09 200 06 0 Without Limitter With Limitter WithaUt Limittel With Limitter g2 704
DC Casec 1500 0.7 500 0.3 0 | QD 4 G 0 o -0.30 3 d
e Lcentro T Contro Ced Do D os 9, 98- & 6 oo AL 8 85 o X X0 ©
To P Grid Case f 1000 0.9 1000 0.3 0 0D- '\ 13 @ 0.8- \ o =85 «b « € Xg\
W @ Qg} 0 Fower Gri Case g 500 0.6 1500 0.6 0 -0 5- W 60 - ! W s c2 3 o
, o == 015
W )= Q- 0.8- Q _‘*\\ . N ————— ﬁ? G f5 oF f/
7 DJ Qﬁ} “Jﬁ} RN 0.6- W — : | o =35 0.30
Boost : he / ] \ -0.5- "~ | 04- o | 3 L I 1 o C 0.45 /
. . . oo ) o o))
PV Source Converter Inverter Filter PV-VSM Unit — O & F O & 0.60
= 0.8- 0.8- ®  >(993- 558 - ) 0%  25% 50% 75%  100%
PV-VSM Unit o Bg: EE: E E : 7 : . ﬁ Ratio of inverter capacity to total grid capacity [%]
— — ¥ ' O a4l ' | (o]
PV-VvSM Unit | — N o 2.0- 1.5- 0 = YO0-- Q-= O .
Base Voltage: Vg1 Base Voltage: V1, Base Voltage: Vs, ni INV = Ta- 10- o oAb 75- & ? 52'& g§=]\/7-—;(
Base Power: Sg; Base Power: S Base Power: S, O gh-= 05-= - o 2 H3H- 13 ®
= . 0- e 0.0- L o /L i . I - O % -0.60 \
PV-VSM Unit > 18 0.8- Ol g J9E - 000-- O 8 -045
N o B o o N o BN - o O OHI—< 0.6- == @ | o 0.90- 58 - \/\ & c o -0.30 NE wd N\
G1 G2 / < 00 b 0.4- ®© | © 0 i -9 @ ggﬁ -0.15 5 o g\
S N Sz 0.8- 0.8- o o190 000- O 22 T 9% 7
Synchronous j0.18 j0.18 VSMs 0.8 0.8 ¢ ©pgge 349" & 55 O Of Of/
G t i - | — - - — =< 030 /
enerator with PV Source o 1.02 - '®) 3 0.45
75- 0.8- & 107 ' 9 TR /
1 0.6- o 1°00-= @ £ 060
Base Voltage: V|| ! 0.4- @ 0.99 L @ 0%  25% 50%  75% 100%
Base Power: S, v ] {f] 5' 1'0 1'5 tlj é 'IID 1'5 tlj 5' 1'0 1'5 . 'D 5 1{] 15 Ratio of inverter capacity to total grid capacity [%]
P_ =P, + AP, H(t - t,) Simulation Time [s] Simulation Time [s] %ﬁ’tlj:*ﬁ':/j_ U 7.|_ D

PVURTLEBNRFEDETIL LSBT FTIVATOENENHNERERB ERDEE) HEEEPCSEIEFLREMN
(B5HF1EIZH492% BV T 5570 TEFHEETE)

> PVXIILE D HEHLEEPCSTHIRE . $FELE IRILE—HEAHEOEE, 2021

SE AN

8 = =5, _ #E == 1= ,—PIs 2. XELEMESR, RIEARRDBAICER I S THIERREE, 2021
> REPCSHVE NNt ~EeNIoREZREL. AR5 > 3. Takamatsu T, Oozeki T, Orihara D, Kikusato H, Hashimoto J, Otani K, Matsuura

B DEIMEEZ Il — a0 THERS T, Miyazaki S, Hamada H, Miyazaki T. Simulation Analysis of Issues with Grid
> IREFEICE>THHRZEFIZXL TOERLUEEPCSD L E 4 Disturbance for a Photovoltaic Powered Virtual Synchronous Machine. Energies.

MR LEHFAZ LN R EE 2022; 15(16):5921. https://doi.org/10.3390/en15165921

HtE AR, ERFEARBEATFIRILT— EXRITE S EZE#IE (NEDO) DEFEETE JPNP19002) DFFRGEoN-2DTH S,




	P01-Onozawa
	P02-Komazawa
	スライド番号 1

	P03-Kogo
	スライド番号 1

	P04-Mochizuki
	スライド番号 1

	P05-Matsui
	スライド番号 1

	P06-Li
	スライド番号 1

	P07-Nunomura
	スライド番号 1

	P08-McDonald
	スライド番号 1

	P09-Xu
	スライド番号 1

	P10-Tachibana
	スライド番号 1

	P11-Hara
	スライド番号 1

	P12-Chiba
	スライド番号 1

	P13-Ishizuka
	スライド 1

	P14-Kamikawa
	スライド番号 1

	P15-Nishinaga
	スライド番号 1

	P16-Shibata
	P17-Koida
	スライド番号 1

	P18-Shoji
	P19-Nagumo
	スライド番号 1

	P20-Oshima
	スライド番号 1

	P21-Oshima
	スライド番号 1

	P22-Makita
	スライド番号 1

	P23-Mizuno
	スライド番号 1

	P24-Oozeki
	スライド番号 1

	P25-Yamada
	スライド番号 1

	P26-Kamide
	スライド番号 1

	P27-Kamide
	タイプ０（温度勾配をもつ通常の太陽電池）による実験の原理

	P28-Yoshita
	スライド番号 1

	P30-Oozeki
	スライド番号 1

	P31-Oozeki
	スライド番号 1

	P33-Ikeda
	スライド番号 1

	P34-Tsuno
	スライド番号 1

	P35-Tsuchida
	スライド番号 1

	P36-Naim
	スライド番号 1

	P37-Takamatsu
	スライド番号 1

	P38-Nakajima
	スライド 1

	P39-Oozeki
	スライド番号 1

	P40-Mori
	スライド番号 1

	P41-Ohtake
	スライド番号 1

	P42-Tanahashi
	スライド番号 1

	P43-Oozeki
	スライド番号 1

	P44-Cui
	スライド番号 1

	P45-Fang
	スライド番号 1

	P46-Takamatsu
	スライド番号 1


