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Figure 1.

a) device architecture.

b) cross-sectional SEM
image of the solar cells.

c) energy diagram tested
in this study.
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Figure 2. Molecular structures of DSC, HTC-1, HTC-2,
HTC-3, and HTC-4 discussed herein.

Figure 3. Frontier orbitals based on DFT/
CAM-B3LYP/6-31G(d,p) with PCM
(chlorobenzene) for HTC-1, HTC-2, HTC-3,

Figure 4. UV/Vis absorption spectra of
HTC as the monomer in THF (dotted line)
and aggregates on solid film (solid line).

HTC-4, and DSC [2].
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Figure 5. Theoretical absorption spectra and oscillator strength based TD- HTC-1 HTC-2 HTC3 HTCA

DFT/CAM-B3LYP/6-31G(d,p) with PCM(chlorobenzene) for (a) HTC-1
and (b) HTC-3 [2].
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Figure 6. Frontier orbitals based on DFT/CAM-B3LYP/6-31G(d,p)
with PCM(chlorobenzene) for HTC-1, HTC-2, HTC-3, and HTC-4/
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Hybrid quantum dots perovskites solar cells

V. Svréek?, C. McDonald!2, C. Rocks!2, M. Lozac’h?, D. Mariotti2, T. Matsui?
tAdvanced Processing Team, Research Center for Photovoltaics,
National Institute of Advanced Industrial Science and Technology, Japan
?Ulster University, U.K.

Motivation

Silicon (Si) abundant and non toxic material.

Significantly enhanced efficiency of solar cells with doped Si nanocrystals with quantum confinement (< 10 nm).

Colloidal surfactant free Si guantum dots (S1 QDs) based hybrids easy to Introduce to solution process.
Methylammonium 1odo bismuthate (CH;NH,);(Bi,lg) MABI /Si QDs hybrids s non toxic material however low efficiency.
Methylammonium lead 1odide (CH;NH;PDbl,;) perovskite MAPI / Si QDs hybrids s Pb toxic element.

Methylammonium iodo bismuthate / Si QDs hybrids

——MABI ——MABI
(a) (b) ——MABI + SINCs

wioyw / osr

—_ —— MABI + SiNCs 0.6 0.7
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Methylammonium lead iodide perovskite / Si QDs hybrids
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3 | B Solar cell performance increased with the presence of the Si QDs.
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0 0 -
N T —HS Water absorption and transport enhanced.
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Conclusions

Perovskites hybrids based with surfactant free and colloidal dispersible Si QDs.

Methylammonium iodo bismuthate MABI / Si QDs solar cells.

Methylammonium lead iodide MAPI / Si QDs solar cells.

In both cases an improvement in photocurrent generation, stability and an enhancement the endurance against light irradiation
(1 sun) at ambient conditions Is recorded.
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Synthesized by Reactive Polyiodide Melt Method Applied to Photovoltaics

Said Kazaoui, * Ivan Turkevych, 2 Alexey Tarasov, 2 and Michael Gratzel
1 Research Center for Photovoltaics, National Institute of Advanced Industrial Science and Technology (AIST), Japan
2 Sensing System Research Center, National Institute of Advanced Industrial Science and Technology (AIST), Japan
3 Laboratory of New Materials for Solar Energetics, Lomonosov Moscow State University (MSU), Russia
4 |nstitute of Chemical Sciences and Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzerland

Introduction

Based on the strategic advantages of “reactive polyiodide melts” method (RPM), which
was jointly developed by researchers from AIST, MSU and EPFL published in Nature
Nanotechnology [1], we aim at synthesizing low-toxicity Pb-free materials in order to
solve the problem of toxic Pb-based Perovskite materials.

Goals

We will describe the “reactive polyiodide melt” method (RPM) and its application to
Pb-based Perovskite solar cells (PVs). Then, we will demonstrate that this approach is also
suitable to synthesize Pb-free materials with either Perovskite or non-Perovskite crystal
structure. Our long-term goal is to fabricate low-toxicity Pb-free PVs.

Pb-based perovskite materials
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Pb-free perovskite and non-perovskite materials

Towards the discovery and the synthesis of low-toxicity Pb-free matenials |

- ci=ee= | B Synthesis of low-toxicity Pb-free materials
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where X 15 an element of the periodic table ot alloys
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Stable 3-dimensional Crystal structure
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Conclusions
We have demonstrated that “reactive polyiodide melt” method (RPM) is suitable:

® To fabricate of Pb-based Perovskite solar cells with efficiency as high as 17%
® To synthesize Bi-based materials and to explore a wide range of Pb-free materials

Our long-term goal is to discover, synthesize and fabricate low-toxicity Pb-free PVs.

Extending our concept to various metals
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Table 1 Photovoltaic parameters of perovskite solar cells (PSCs) with perovskite containing 3 mol% and 8 mol%

of FEABTr (a) or FEAI (b) vs Pbl, as an additive in the precursor solution.2
(@) FEABr JoBMACM?) Vo (V) FF pceon (D) eeal JB(MACM?) Vo (V) FF PCE®(%)
0% average 211+02  1.05£001 073001 16103 0% average 201+05 1074001 0772002 165+0.7
maximum 215 1.05 0.73 16.7 maximum 20.2 1.08 0.79 17.1
3mol% average 204£04  106£001 071£001 15202 3mol% average 191407  1.02+001 0.73£001 14208
maximum 20.8 1.06 0.71 15.7 maximum 20.3 1.04 0.75 15.8
8mol% average 184£07  0.99%£002 068+£002 12.4%05 8mol% average 17.6%11  0.95%001 0752002 125+07 S
maximum 188 101 07 132 maximum 193 097 073 136 M/

Fig. 1 SIMS profile of thé perovskite film
with FEABr 3 mol% as an additive.

aThese values are from backward scans and are the average of 9 solar cells. ®Short-circuit photocurrent density. °Open-circuit voltage. 9Fill factor.
ePower conversion efficiency.

Table 2 Photovoltaic parameters of PSCs with perovskite (a) and perovskite containing 3 mol% of FEABTr (b)

rSEM Image  and 3 mol% of FEAI (c) as an additive. The data were obtained after exposure of 20% relative humidity (RH) air.
“ Blank - (@) SR B B (a) Blank (b) FEABr3mol%  (c) FEAI 3 mol%
5 1 1lday average 19.6+0.5 1.083#+0.01 0.75%0.02 15.2#0.7 %\25 %\25 1da %25
maximum 20.4 1.04 0.76 16.3 Ezo—gy’\ %20 Y E;zo 1day
60 days average 5.0%23 0.97+0.04 0.68+0.03 34+13 ° ° i
maximum 75 1.00 071 53 g 8% eodays g%
8 10 60 days g1 Em 60 days
(b) J,. (MA/cm?) Voo (V) FF PCE (%) g 5 é 5 g 5
1day average 19.4%03 1.03£001 070£002 13804 P I afra z 093 53 06 o8 1 T 00 0 o o
maximum 19.3 1.04 0.72 14.4 Veltage (V) Voltage (V) Voltage (V)
60 days average 12.2+1.0 0.99+0.01 0.88%+0.04 10.6%+0.6 Flg 2 J-V CharaCterlSthS Of the beSt-performed PSCS
p—r— — e e e measured under AM 1.5G solar irradiance (100 mW/cm?).
C Jsc (MA/cm?) Voo (V) FF PCE (%)
FEAI‘s m/?l% ( ) 1day average 17.9+1.0 0.96+0.01 0.69%0.03 11.9%+0.2
? ot b e maximum 186 0.96 0.68 122 3
' 60 days average 8.8+1.2 0.95+0.01 0.72%0.06 6.0+0.9 - 4
{ maximum 100 0.95 077 73 Fig. 3 Photographs of the PSCs after storing 60 days in

3These values are from backward scans and are the average of 9 solar cells.
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Fig. 4 XRD patterns of the PSCs of blank (a) FEABr 3 mol% (b) and FEAI 3 mol% (c) as an
additive, which were exposed to 20% RH air.

the 20% RH air.
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Compérison study of wide bandgap CIGS prepared

from Cu-rich and Cu-poor metal precursor

Shinho Kim, Takehiko Nagai, Hitoshi Tampo, Shogo Ishizuka, and Hajime Shibata
National Institute of Advanced Industrial Science and Technology (AIST)
Research Center for Photovoltaics

Wide bandgap chalcopyrite thin-film solar cell for
tandem solar cell application

For the high efficient
solar cell beyond 30%!! Pure sulfide chalcopyrite, wide bandgap
Cu(InGa)S, (CIGS) has been reported to be
a promising absorber material for the top
cell application. Recently, solar cell
prepared using CIGS absorber has reached a

conversion efficiency of 16.9% [1].

E;=1.7eV
Cu(InGa)s,

er 20%
Bottom Cell
Eg=11eV

Comparison study of CIGS prepared using Cu-rich and
Cu-poor metal precursor

» In this study, CIGS was

Cu-I . .
uin In prepared using Cu-rich and
Cu-poor metal precursor
Cu-Ga Cu-Ga (MP).
» A comparison study was
performed to investigate the
SLG SLG

photovoltaic properties with
different Cu contents of
MPs.
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|
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(After sulfurization and KCN etching)

J&Vand EQE results
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v CIGS from Cu-rich shows larger J and FF.
v’ Jyc — steep GGl profile
¥ FF - small shunt resistance effect; 1.1 (Cu-rich MP) and 2.7 (Cu-poor MP) ohm-cm2.
¥ Vpc-deficit = 0.77 and 0.64 V for CIGS from Cu-rich and Cu-poor, respectively.
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v CIGS from Cu-rich MP exhibits steep Ga/(Ga+In) (GGI) profile, which leads to steeper
back-graded-bandgap.

— Improved longer wavelength response in EQE results.

Recombination properties of CIGS cells
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v CIGS using Cu-rich MP shows larger recombination properties.

v Large difference between £, (1.24 eV) and £ ¢ (1.51 eV)
cf. £, (1.52 eV) = ~£; o in CIGS using Cu-poor MP

v Very small carrier lifetime in TRPL results

Intensity (arb. units)

Defect analysis —photoluminescence method
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v CIGS prepared using Cu-rich MP exhibited strong deep emissions at 1.36 eV.
— the reason for the large recombination limiting /. of the device.

v Cu,, or V,, is known to be easily formed in the Cu-rich CulnS,.
— Deep levels are caused by Cu-excess growth condition.

» CIGS using Cu-rich MP
» Good crystallinity and morphology
» Better J and FF
> Large V. loss due to large recombination
» Deep level acceptor (Cu,, or V,,) caused by Cu-excess growth condition

» CIGS using Cu-poor MP
» Poor crystallinity and morphology
» Large open-circuit voltage () boosting
» Reduced recombination
» PL emission characteristics without deep level transition

B Metal H,S environment

precursor
Cu-In-Ga
stack

[1] H. Sugimoto et al., PVSEC-27, Otsu, Japan (2017).
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S. Ishizuka et al/, J. Phys. Chem. C 123, 17757 (2019).

. Ishizuka et a/, J. Phys. Chem. C 122, 3809 (2018).

. Ishizuka et a/, Appl. Phys. Lett. 113, 063901 (2018).

. Ishizuka et al, Appl. Phys. Express 11, 075502 (2018).

. Ishizuka et a/, Adv. Energy Mater. 8, 1702391 (2018).

. Ishizuka et a/, ACS Appl. Mater. Interfaces 9, 31119 (2017).

. Nishinaga et al, Appl. Phys. Express 10, 092301 (2017).
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N. Taguchi et al, Appl. Phys. Lett. 113, 113903 (2018).
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7n0 THE MATERIAL PARAMETERS OF p~CIGS, 7~CdS, m~ZnO LAYER.
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[1] M. A. Green et al, Progress in Photovoltaics, vol. 27, pp. 3-12, 2019.
CIGSODfEERMEMN R ELLAEMLIIEEICIE. EEBEHZEREZERT [2] Solar Frontier /L 2 $%, 201941 A 17H

BIET. Vo DERLEMAEFTES, Ga/IT L—Tao P EEFIALER [3] J. Nishinaga et al, Applied Physics Express, vol. 11, p. 082302, 2018.

EAB TD )72 b5 EOINIOR= gV fEHE [4] L. Choubrac et al, Phys. Status Solidi A, vol. 214, p.1600482, 2017.

EBTOLHF VI TEEERBTEHE. NvIR—2aVEEEAT DA

EFICKUFER A RFTED,

[5] J. Nishinaga et al, Applied Physics Express, vol. 10, p. 092301, 2017.
[6] M. Bugelman et al, Thin Solid Films, vol. 361-362, pp. 527-532, 2000.
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[1] K. Sakurai et al, Jpn. J. Appl. Phys. 57, 08RG02 (2018).
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RS High speed MOVPE for InGaP/GaAs
multyunction solar cells

H. Sodabanlu®, A. Ubukata?, K. Watanabe!, T. Sugaya?, Y. Nakano*, and M. Sugiyama®#
1Research Center for Advanced Science and Technology, The University of Tokyo, Tokyo, Tokyo, Japan
2Taiyo Nippon Sanso Corporation, Ibaraki, Japan
3National Institute of Advanced Industrial Science and Technology (AIST), Ibaraki, Japan
4School of Engineering, The University of Tokyo, Tokyo, Japan

To decrease cost of IM-V semiconductor solar cells

; : : = Taiyo Nippon Sanso, HR3335
= Substrate cost: substrate reuse and epi-growth on inexpensive substrates

Horizontal MOVPE reactor
Standard precursors

Narrow flow channel to enhance the
- growth rate (GR)

MOVPE growth time for a GaAs cell
Elapsed time [min

0 50  100| RAmP
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| (U ] | o L
AR wio ASH3 an-Gaas base = Standard growth conditions: in this work
= anneaing | L | scns emver

Total gas flow: 10 SLM
Reactor pressure: 15 kPa

Our recent study indicates that a slightly high pressure is
good for InGaP growth.
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media/press-releases/2019/fraunhofer- 4InGaP window
K. Makita et al., 32nd EU- ise-sets-two-records-for-the-efficiency- .
PVSEC, 4CV.1.3, p. 1390, 2016. of-silicon-based-monolithic-triple- High speed I | ‘
junction-solar-cells.html loading...
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AsH3 annealing)

acontact

sCooling down

= Epitaxial cost: high speed MOVPE and improve material utilization
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= For n-on-p GaAs single junction solar cell, low V/IlI ratio during
high speed grown GaAs base is beneficial for low defect density [1] A. Ubukata et al., J. Cryst. Growth 489, 63, 2018.

and allowing carbon auto-doping. [2] H. Sodabanlu et al., IEEE J. Photovolt. 8, 887, 2018.

= For both GaAs and InGaP, high speed growth results in [3] H. Sodabanlu et al., J. Phys. D: Appl. Phys. 52, 105501, 2019.
decreasing of cell efficiency, which defects and dislocations are [4] H. Sodabanlu et al., in IEEE-PVSC 46th, Chicago, USA, 2019.
responsible. [5] H. Sodabanlu et al., in EU-PVSEC 36th, Marseille, France, 2019.

= InGaP/GaAs 2J solar cells were successfully fabricated with GR
of 1-um thick InGaP and 2.5-pum thick GaAs base layers at 30
and 120 um/h respectively.

A part of this study was supported by NEDO project: the research and
development of ultra—high efficiency and low—cost III-V compound
semiconductor solar cell modules.
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[1]1 M. A. Green et al., Prog. Photovolt.: Res. Appl., 27, 3 (2019).
[2] R. Oshima et al., Jpn. J. Appl. Phys., 57, 08RD06 (2018).
[3] R. Oshima et al., IEEE J. Photovolt., 9, 154 (2019).
[4] Y. Shaiji et al., Appl. Phys. Exp., 12, 052004 (2019).
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[1] R. Oshima et al., IEEE J. Photovolt. 9, 154 (2019).
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Developed Al rear grids for bifacial PERC concept

Renewable Energy Research Center

Supawan Joonwichien, Yasuhiro Kida, Masaaki Moriya, Satoshi Utsunomiya,
Katsuhiko Shirasawa, Hidetaka Takato
EXERMREMEN BAETREIRIILF—HARE 22— KELF—L

Bifacial solar cells can absorb irradiance from the front and rear sides, PERC solar cells with different rear Al grid designs were fabricated in order
resulting in higher energy yield for the same module area as compared to to determine the influence of metallization fraction on I-V parameters.

their traditional solar panels. =
-l
IncidentFght Front contacts Incident light P [ parametes | ]
ﬂ ﬂ Front passivating r;\. ﬂ ﬂ Al gr|d width, W W, W+a Mm, W+ 2a um
anti-reflective coating \M - 5
~—  Enmitter — i B |- . Al grid height, H H

Standard PERC g DRHIMERC B A Hi LCO height 0.5 mm
Rear surface e _" W |‘_
w" passivation = |‘L—.| 4
«—— Rear contacts —— ﬁ ﬁ W = finger width, H = finger height, 1-V parameters at one sun
Albedo light L = pitch between fingers
O One-sun I-V parameters of bifacial PERCs Q Physical mechanism of the local contact formation of rear-side of PERC

Si diffusion into Al

The observed results clearly show an increase in the open-
circuit voltage (V,.), fill factor (FF), and conversion
efficiency values with an increase in the Al grid width, and i L

NE—
oA

oul fog
the change in the short-circuit current density (J,;) was
negllglblg The improved V,. was possibly dueyto(tlsice) high [ puring fring | [Atter cooting |
quality of surface pa85|vat|on, which relates to the Al + At the peak firing temp., liquid Al penetrates and comes into contact with the Si
diffusion into passivation stacks mechanism. surface in the openings, wherein the Al at the interface is saturated by Si first. Then,
50T Vo e S_i supsequent_ly dissolvgs into t_he liquid A! mass f_rqm edges of the interfage_ in_ all
os5 o) directions until the maximum Si concentration of Si in the melt reaches equilibrium
or the Al-Si liquid saturates, according to the liquids line in the phase diagram [1]-
650 80 R [3]
< 6451 @78’  During cooling, the solubility of Si in the Al-Si melt decreases, and Si diffuses back
= =4 to the contact site; the back-diffusion process is driven by the difference in the Si
3 I 74| concentration at the interface. The epitaxial recrystallization of Si heavily doped with
8351 72] Al atoms starts to form the Al-BSF at the bottom of the contact sites.
630- 70-
500
2501 ‘ ‘ ‘ ‘ ‘ it ‘ ‘ U Possible reasons for different Al grid designs effects on rear surface
ol ‘ : B ‘ ‘ passivation quality and solar cell performance [4]
W  W+a W+2a W  W+a W+2a
NEES 0 Eff
205
39 Chemical reaction to form spots
P 2 200 T (Al-Si alloy-like material)
5 > » The Al atoms from Al melt diffuse in all directions, either lateral or vertical to the
é 5 105] surfaces and react with the Si in the films, resulted in the formation of the Al-Si
3 % alloy-like material present in the majority of the Al printed areas.
» The chemically reacted areas were suspected to be decreased as the screen width (W)
e increased, where the wider screen would result in less time for Al diffusion into
5] ‘ ‘ ‘ ‘ passivation stacks.
T T i 0 T T T
W W+a W+2a W W+a  W+2a In order to confirm the recombination activity of sample surfaces,
photoluminescence imaging (PL) measurement was used. As a result, PL
contrast was diminished and these abundant spots were likely to cause the
degradation in the surface passivation quality, leading to a reduced V,, of
[1] J. L. Murray and A. J. McAlister, “The Al-Si (Aluminum-Silicon) system,” Bulletin a cell.
of Alloy Phase Diagrams, vol. 5, p. 74, 1984. doi:10.1007/BF02868729
[2] S. Joonwichien, S. Utsunomiya, Y. Kida, M. Moriya, K. Shirasawa, and H. Takato, (a (b)

“ Improved rear local contact formation using Al paste containing Si for industrial F

PERC solar cell,” IEEE J. Photovol., vol. 8, no. 1, pp. 54-58, 2018.
[3]1 S. Joonwichien, M. Moriya, S. Utsunomiya, Y. Kida, K. Shirasawa, and H. Takato,
Metal-induced recombination losses associated with Si present within passivation

i Note that bright and dark regions in the
PL images indicate the lower and higher
i surface recombination activities,

| respectively.

layers and aluminum paste for PERCs,” in Proc. 46th IEEE PVSC, 2019.
[4] S. Joonwichien, M. Moriya, S. Utsunomiya, Y. Kida, K. Shirasawa, and H. Takato, W W

“Understanding metallization-induced losses mechanism in rear-side of fully N . . .
screen-printed p-type PERC solar cells,” IEEE J. Photovol., to be published (2019). (a) W+ 2a: Full-area screen-printed PERC with less spots (due to chemical reaction).
(b) W: Full-area screen-printed PERC with spots covering a whole surface area.
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ALD based TOPCon-type solar cells

on textured silicon wafer

Mickaél Lozac’h!, Shota Nunomura!, Takuya Matsui! and Koji Matsubara!
! National Institute of Advanced Industrial Science and Technology (AIST)
Research Center for Photovoltaics (RCPV) — Advanced Processing Team

« Main objective: Fabrication of a front and rear TOPCon-type
structure using p-type and n-type Poly-Si/SiO, stacks for crystalline
silicon solar cells on textured surfaces.

« Ultrathin SiO, layer realized by ALD: precise control of the thickness
at atomic scale to manage layers below 2 nm for the tunneling transport:

of carriers.  *@sunn | A A/ meatization
ANVAAAAAAAAN (1) poly-Si
b Si0,
- & Textured c-Si
Si0,
() poly-Si
watumnel  Poed  matliation metallization
i o S s Target structure: Front & rear poly-Si/SiO,
TOPCon structure [1]

stack on textured surface
Challenges: Keep high passivation properties, especially for the p-type
poly-Si/SiO, stack at the front, and on textured surface.

This work:

- Underlines the roles of H atoms for p-type poly-Si/SiO, stack, and the
stability. Method proposed: cyclic dehydrogenation-rehydrogenation
(D-R).

- Present solar cells characteristics using the target structure.

[1] A. Richter et al., SOLMAT 173 (2017) 96-105.

4.0 T T T T

. 1500

1000

Thickness (nm)

oy (1)

500

0.5 ' ' L I L
15

ALD number of cycles

30

Fabrication processes:
- Wafers: (n-type) Fz-Si <100>, 280 pum, 1-5 Qcm.
- Cleaning: 4-step chemical process [2]
- Texturization: KOH self-heated at 80°C for 15 min.
- SiO, layers: deposited by ALD.
- a-Si:H layers: deposited by PECVD.
- High-T annealing (high-TA): 820 °C for 1 h.
- Hydrogen plasma treatment (HPT): 300 °C, 1 min

Characterization techniques:

Atomic Layer Deposition (ALD) Process:
Oxford Instruments FlexAL system

Substrate holder: 300°C

i

T i v

Spectroscopic ellipsometry in situ using Cauchy Model
Inductively Coupled Plasma (ICP) with RF frequency: 13.56

MHz

Si0, deposition
Step 8 - IDMAS dose

y

¥’ Minority carrier lifetime (MCLT) measurement at Step 9 - 3DMAS purge
1% 10" cm injection level (quasi steady-state
photoconductance, QSSPC) F - Precursor 3DMAS:
¥ Thickness and bandgap of the films deposited 2 Step 10 - Plasma gas stabilization Tris (dimethylamino) silane
(Spectroscopic ellipsometry, SE) :
¥ Study of Si-H bindings at wavelength 2000-2100 cm!, Step 1 - O, plasma dose (O, 60 scem)
and Si-O bindings at 1050 cm! (FTIR) e
¥ Stoichiometric ratio x of SiO, (FTIR)
o 2% Pressure 15 mTorr
¥ Crystallinity of amorphous silicon layers after thermal o

annealing (Raman spectroscopy)

- For D-R cyclic method: characterizations done after low-TA
(450 °C), high-TA (850 °C), and after HPT.

[2] S. N. Granata et al., Energy Procedia 27 (2012) 412-418.

Step 12 - Post plasma purge

Residuals N-(CH,), purged

Amorphous layers of: Si/ O/ Si/

Structure used for cyclic D-R method.:

1000

800 F

600

Terr (11S)

400+

v' Precise control of the thickness of SiO; : linear
dependence with the number of cycles during
ALD process [3].

200+

High-7 g after 4 D-R cycles
Low-z after 7 D-R cycles

= High-ty

—— Stretched Exp. Fit

» Low-ryg

Stretched Exp. Fit|

>

0 10

Processes

20

30 40 50 60

HPT time (s)

Low-TA: boron diffusion not

oly-Si 2042 nm N
Si X0, 0.840.1 activated.
x - x 1! K nm . . .
ol AT Depletion and reintroduction of H
) poly-S1 2042 nm

can not explain the lifetime
difference after the 1st HPT and
4th-5th D-R.

Passivation process involves 2
roles of H: DBs termination and
H-related field effect .

After high-T, SiO, stoichiometry
is 1.7 [3].

Lifetime recovery is a stretched
exponential [4]: relaxation of a
disordered system, i.e. dispersive
nature of (p) poly-Si/SiO, stack
due to non-stoichiometric ratio.

[3]1 M. Lozac’h et al., SOLMAT 185 (2018) 8-15.

M. Lozac’h et al., Jpn. J. Appl. Phys. 58 (2019) 050915.

[3] M. Lozac’h et al., SOLMAT 185 (2018) 8-15. [41S. De Wolf et al., Appl. Phys. Lett. 93 (2008) 032101.

_Pom ¢ [-V characteristics of AN om0 ——
sl @) TOPCon-like solar cell AYWWWWWAA (st -
on textured c-Si wafer: (el S : \
Best cells (1X1 em’) (n) poly-Si 0s
- o w0 i 10 10 VOVPVIOIIVO ictizaion 5 \\,‘
s a— * | -V characteristics ] \
e . . ’ ” n # el of TOPCon-like ™|/ \
. TEM{]mages: ex{c}ellent conformal thickness + vl solar cell on e 1
P"“““‘“’Z"“ Tt s for SIOX, .poly—.Sl is well underlined by XRD. . f 936 . textured c-Si wafer: Wavelengh (um)
o ! % Saal | e J, over 39
| St I | H.‘: S . mA/cm? (EQE)
N\m=After h‘g%"T+ HPT) 2 I wl AP + Optimized boron _
- 1Ew R S . flow of 50 sccm
= S ‘mum'm: b Mot
¢ Only ALD allows good passivation for R - hcE :
symmetric (n) poly-Si/SiO, stack: because the \kwl--unn S . - FF of 789%.
passivation very sensible to SiO, thickness. = SIMS profiles: Boron diffusion controlled by boron . . L TLM revfals Pe -
(p) poly-Si/SiO, stack is less sensible. flow and (i) poly-Si layer. H accumulates at interfaces. iy, 8410w o from 5])

Cyclic dehydrogenation-rehydrogenation method is proposed to underline the roles of
H atoms for the passivation of (p) poly-Si/SiO, stack and show the good thermal
stability with 7 remaining at 1.2 ms after 1 D-R cycle.

Successive D-R cycles does not modify the bonds configuration, the stoichiometric
ratio of SiO, remains at 1.7. It does not activate the boron diffusion. Only the H atoms
are involved, which underlines two roles: one is the DBs termination, and the H-field
effect related. => H induces positive charging for SiO, with x <2 [6].

ALD-SIO, double sided TOPCon-like solar cells efficiency is presented on textured c-
Si wafer with best PCE about 18.8 %, J,, of 39 mA/cm? (for front grid) and FF of 78 %.
The V, is about 639 mV and could be improved by using efficient hydrogen source.
Further improvements in term of PCE are expected by optimizing the ohmic contacts,
and decreasing the saturation current density (J,), still about 300 fA/cm?.

[6] W. L. Warren, Appl. Phys. Lett. 68 (1996) 2993.

Boron flow fsecm)

[51J. Melskens et al., IEEE J. Photov. 8 (2018) 373-388.
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Abstract
» Defect kinetics in a-Si:H/c-Si heterojunction is studied
throughout fabrication process, particularly during a-Si:H growth.

» During a-Si:H growth, defects are generated not only in an a-Si:H
layer but also c-Si bulk.

» The defects in a-Si:H are recovered completely by postannealing,
whereas defects in c-Si are partially recovered by postannealing.
The residual defects are formed in c-Si.

» The a-Si:H/c-Si interface defects are formed by postannealing.

SHJ solar cell structure & minority carrier lifetime

lightt
Ag-ecntact -I L 10ms 800

Ti I l & Imsp =
';""'l qE,'IDO 1=
IS~ o
:E:-_-_-, defects = ¥ i
£ .
'@ = 10ups}| snog
e Tusl—¢ L L A L— 500
- T g Ts o5 2
= @T =g = =
z 2 52 O =
(7] =] P d — 8 8
o @me @ = E c
z = a2 =] =
I S g 2 &

« The lifetime, i.e., a measure for the
surface passivation, varies throughout the
fabrication process of SHJ solar cells

* In SHJ solar cells, a-Si:H layer
plays important roles in surface
passivation & carrier selection.

TEM analysis for a-S:H/c-Si interface

* (a) Sharp interface of a-
Si:H/SOI stack. The a-Si:H layer
is grown over the SOI by SiH,/H,
discharges at 147 °C for 60 s,
yielding the thickness of 18.0 nm.

* (b) a-Si:H/SOl interface with

The DSL (=1.3 nm) is created by
a H, plasma treatment for 100 s,
before a-Si:H growth.

Model: defect kinetics in a-Si:H/c-Si

(a) before {b) ultra-thin layer (c) postgrowth (d) thick layer {e) postgrowth
growth grawth annealing grawth annealing
plasma plasma
ion photon H ion Dnmon H
st
P
£ H H HHH H H
H-terminated Y 2 L' 'n‘ . A sy
surface _‘,‘* W= H H H ] L:,-ﬁ w w SiH
HOH H H_H ?3'..\ H xH % X“ H interface
rtace i ﬁ“ defects
H H
defects W * x ®
bulk
x defects
sol S0I S01 SOl S0I

Defect kinetics in a-Si:H/c-Si stack. (a) Before a-Si:H growth. The DHF-
treated SOl surface is terminated with H atoms. (b) Ultra-thin layer growth. The
defects are generated both in the a-Si:H and the SOI by energetic and/or
reactive species of radicals, ions and photons coming from plasma. The bulk
defects in the SOI are generated in this stage. (c) Postannealing. The defects
in the a-Si:H and the SOI are annihilated. However, a large amount of defects
remain in an ultra-thin layer. (d) Thick layer growth. The defects are generated
mainly in the a-Si:H layer. (e) Postannealing. The defects in the a-Si:H layer are
annihilated, yielding the surface passivation. A small amount of the interface
defects are created by postannealing.

disordered surface layer (DSL).

MER KEAHKEAREZ2I—

Exp. Setup: In-situ real-time photocurrent measurement

< Silicon on insulator (SOI) is
used as a sample for the
photocurrent measurement.

laser ¥4 . « SOl is illuminated with a
semiconductor laser (520 nm, 1
mW) during a-Si:H growth.

« The photocurrent is measured
during a-Si:H growth and also
subsequent postannealing.

« In experiments, the growth time
(4t), i.e., the thickness of a-Si:H
passivation layer is varied.

Experimental results
Time evolution of photocurrents

10’ O TR IR T . * (a)a-Si:H growth over SOI. | is

3nm 6nm 9nm 127 15m 18 nm @ increased with the number of growth,
v.y.v.Y i.e., the layer thickness, except for

the first growth of an ultra-thin layer.

The increase in |, means the

termination of defects over the SOI

surface, i.e., the surface passivation.

lp (nA)

107" i L

* (b) H, plasma treatments of SOI.
Each treatment causes a reduction in
I indicating the generation of
defects in the SOI. The reduction is
enhanced for a long-time treatment.

lp (nA)

* (c) a-Si:H growth over SOI with
DSL. The surface passivation is
recognized even for the SOI surface
with DSL.

lp (uA)

« (d) a-Si:H growth over glass
substrate. 1, is significantly
increased with the number of growth.

I, (PA)

* (e) H, plasmatreatments of sole a-
Si:H over glass. Each treatment

E
g 10 E - EAbT HTEARTIS!
£ 0 z‘ Pad ik causes a re_ductlon in |nd|ce_\t|ng
=l ims 1oms100msts 10s 100s ® | HSEH the generation of defects. During
18 o postannealing, |, returns completely
10! 10 ) 3 20 to the initial level, i.e, defect recovery.
time t (min)

S. Nunomura et al., Appl. Phys. Express 12, 051006 (2019).
S. Nunomura et al., AIP Advances 9, 045110 (2019).

Summary

« The defect kinetics in the a-Si:H/SOI stack is studied via in-situ
photocurrent measurements.

» During growth, the defects are generated mainly in the a-Si:H layer.
However, these defects are recovered completely by postannealing.

* The bulk defects in the SOI are generated by the penetration of H atoms,
which is demonstrated by the experiments of the SOI treated with H,
plasmas. These defects are partially recovered by postannealing; most of
the defects remain in the SOI, which deteriorates the passivation quality.

« During postannealing, the interface defects are created in the a-Si:H/SOI.
The suppression of these interface defects as well as the bulk defects in the
SOl, i.e., c-Si, is crucial for high-quality and reliable passivation.
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Background & Experimental Procedures

Background (1) (HAc = Acetic Acid) Background (2)

(HAc = Acetic Acid) Experimental (1)

(HAc = Acetic Acid) Experimental (2)

Corrosion in Alumina Paste Layer (APL) Proposed Corrosion Models HAc-Vapor Exposure of Bare PV Cells

25°C/45%rh, 2 months 25°C/85%rh, 240 h 25°C/85%rh, 240 h
with HAc Atmosphere

=
]

"'-\-.____ '
;- -,,--____‘_ .. [
B e 1 Y
h‘f-':___ ! r,

b) Hung PV cells

éxrated KCl aq. soln.

+/- HAc (3%)

v/
- — ___%._..
c)ISetups in Oven

a) Experimental Setup

& Whole

=
s 2 o]
.
N ]
|
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Spatiotemporally

Localization of Series Resistance (R1)

planes of both (a) Intact Contact (b) Corroded Contact
surfaces 1n a testing PV cell
are uniformly surrounded
by the applied stressors
(temperature, humidity, and
HAc vapor).

%  harmonized power-loss and

Rs-elevation are supposed

to be observed in the

testing PV cell.

at 85°C/ 80% rh

H. Xiong et al., “Corrosion behavior of crystalline silicon solar cells,” Front S_ide _ _ RELS'CIE B L. Tanahashi, N Sakamo.to, H .Shibata, and A..Masuda, “Localization a.nd c]flaracterization ofa ,with the respective AC equivalent circuits (under dark conditions)
Microelectron. Reliab.,vol. 70, pp. 4958, Mar. 2017. H. Xiong ef al., “Corrosion behavior of crystalline silicon solar cells,” degraded site in crystalline silicon photovoltaic cells exposed to acetic acid vapor,” IEEE J. SIS TE S T :
Microelectron. Reliab.,vol. 70, pp. 49-58, Mar. 2017. Photovolt.,vol. § no. 4, pp. 997-1004, Jul. 2018. ReCtangles colored in pll’]k indicate the assumed locations of k.

Summary

To address the origin of the elevated series-resistance (Rs) that is a primary cause of corrosive degradation observed In field- A Convincing Demonstration
aged photovoltaic (PV) modules™, we evaluated the electrical characteristics of PV cells corroded with acetic acid (HAC) vapor. | pegradation Profiles of PV Cells (with Different Compositions

The origin in Rs-elevation during corrosion of PV cells is fixed underneath front electrodes, from the following observations.

(a) Evolution of EL-, Rs-, and visual-images during corrosion (Panel 1 to 3)
(b) Effects of resistances in the Al bulk and the interconnector-busbar interface on power-loss (Panel 4 to 5)
(c) Localization of R; (=Rs) in a corroded PV cell with single comb grid-fingers (Panel 6 to 9)

Because we have reported that Z3 (a novel AC-impedance component that emerges during
corrosive degradation) is also localized underneath the front electrodes**, it can be concluded
that performance degradation with corrosion iIs preferentially caused by the evolution of
electrical characteristics at this interface, but not at anyplace within a PV cell.

Results

*Tanahashi et al., **Tanahashi et al.,
|IEEE J. Photovolt., IEEE J. Photovolt.,
9: 741-751 (2019) 8:997-1004 (2018)

&0 [=];

[m]:

[=],

aiCl

[=]F

of Paste) Exposed to HAc Vapor at 85 °C / 80% rh

Duration of HAc Vapor Exposure (h)
0 100 200 300 400 500

1.0
Paste C
Paste B
0.8
-3 Paste E
Eoe6 t
T
§ Paste A
E
=04 Wafer: Common
= Cell Manufacturing: Common
02 Rear Al Layer: Common
’ Front Electrode: Paste A-E
Interconnector: Common
0 Solder/Soldering: Common

Panel 1: Degradation Behavior

Panel 2: Degradation Behavior

Panel 3: Degradation Behavior

Degradation Profiles of a PV Cell Exposed to HAc Vapor

1.0 3.0
2 0.8 125 - Rapid power-loss
2 correlated with FF-
= .
5 S  reduction.
5 0.6 2.0 3
> =
- ~3
o a - '
g 0.4 15 8 Decrease. in FF
g “ synchronized to the
5 | * in Rs.
S 05 110 increase 1n Rs
T 0.5 Concurrently observed EL-,
0 20 40 60 80 100

Rs-, and visual-images are

Duration of HAc Vapor Exposure (h) o ]
indicated in Panel 2.

Rs 1s estimated from /-7 data obtained in the dark.
Both vertical axes indicate /-7 parameters normalized by their initial values.

Evolution of EL-, Rs-, and Visual-Images during Corrosion

Duration of HAc Vapor Exposure (h)

0 12 24 36 60
[ ‘I I I
| |
|
Visual Appear.
(Rear Side)

i 'r +._'-.I ..n'. £ |'n\. ] o I| e | iy
1 . HIslE - e |
i & “ i AN |
Ehe e . g .1 .:_ . ) | %
; ) N e : | lt o
. il e i e i | Hi i
y | Sl | E o | '8 | [l - |
: ! i_ R L __.:. : 0 ] e .: L. :E In
] 1 ! | | | |
Visual Appear. i . o 1
(Rear Side) i " &
Psudo-Color E R
. = ] § ‘_,; i I g I 5
Lis ! :

Power-Loss (see Panel 1) |
Rs Elevation | >

Rear Surface Corrosion | >

96

EL

25 '
20
Quasi-As 15
(@em?) 10
5
0

Corrosion in Rear Surface

HACc (+) HAc (-) HAc (-)
48 h 48 h 260 h
85 °C/80% rh 35_'_“(:/80% _rh 85 "'C/BOE: rh_|
EL
Visual =
Appear. e
(Rear) e |
,\_J.-ma. e
APmax -83.0%2.9% -0.92 +0.23% | -0.96 + 0.44%
A FF -51.3+0.2% -0.42 £ 0.12% -0.80 £ 0.34%
Rear Surface Corrosion Yes No No

Panel 4: Bulk Resistance

Panel 5: Interface Resistance

Panel 6: Identification of R1-Origin

Busbar - Busbar Resistance (BBR)

50 1 pf (b) BBR
7
;;:'; % !
£ - :
230} 7 .
N7
§20; 7
S |m‘i§§§%ﬁ | m Ac
i I
10 7 : 1 I
Front Rear

Bulk resistance of aluminum @ Intact 11’1‘2 Celil )

. m: PV Cell (without HAc Vapor
13}?61‘ (ngl rear l;IUSbaI‘S) c}oes Ac: PV Cell (with HAc Vapor)
TlOt contribute to the power-loss m- and AC-PV cells were incubated
in the corroded PV cells. at 85 °C/R0% rh for 48 h.

Interconnector — Busbar Resistance (IBR)

DC Resistance AC Impedance

20
oc-‘,-’

. | m Ac

| m Ac

M- | I T S R S

Front Rear

Obvious enhancement of the resistance at solder joint 1s not confirmed,
even when PV cells were nearly completely degraded with HAc¢ vapor.

I, m, and Ac: see Panel 4
A, B, and C in the right graph indicate the respective interconnector-busbar pairs.

Preparation of a Cut Piece with Single-Comb Front Electrodes

(a) Preparation of Single-Comb Front Electrodes

precut as cut single-comb
Busbar: A B C C B C

(b)Scraped Fingers along Busbars in the Cut-Piece (Single-Comb)

! Busbar B '.....!.!’...'.‘

\J Busbar C |
AU LU L L B
| Fara

Busbar C

Squares colored in orange, blue, and yellow indicate the scraped positions of the front electrodes.

Panel 7: Identification of R1-Origin

Panel 8: Identification of R1-Origin

Panel 9: Identification of R1-Origin

Determination of R1—Origin in a Cut Piece with Single-Comb

Front Electrodes

(a) Case A (1) If R1 associates with front electrodes
Busbar B Busbar C FB EC

ront (F) [T 7 (a), the respective extents of Rirp and
Finger ?HB ERIFC Rirc are independently assessed by

n-Si R R .
P — o various contacts of the probes (Panel

Rear (R) i RC RB  RC 8). When the summation of Rirg and
(b) Case B Rirc agrees with R, determined by the

Busbar B BusbarC  pg  pc FB-FC contact, we conclude that R; is
Front (F) B3} FC . .

Eneer | | associated with the front electrodes.
n-Si
p-Si Rig 2 Rip
= O——0O (2) In other cases (b and c). the extents of
earR) LK RC RB RC .
Ri1 measured by various contacts are

(c) Case C

Busbar B BusharC  Eg  FC equivalent (Panel 8), and Ri assessed

Front (F) N3] FC O O
Finger

by the FB-FC contact 1s nearly zero.

n-Si O O _ - : —
P-Si  Rigs e Rirc | Figure Caption: Corroded site(s) i1s indicated as
Rear (R) [il: RC R colorless box(es)

Assumed and Measured R at Various Contacts

Contacted Assumed R, R, (Q))

Terminals Case A Case B Case C Meas. Case A
FB-RB RIFB RIR RlRB”RL" ! 0945 0 907 b
FB-RC Rirn Rir RirB|rC® 0.868 '
FC-RB R[F(' RIR RIRB”R{' ! 0.724 O 7.44 b
FC-RC R ke Rir Rirg|rc ’ 0.744 T
FB-FC Rirs + Rirc = () = () 1.404 1.641
RB-RC = () = () =0 0.022 0.022

* Rirs|rc denotes the resistance in a parallel circuit with Rigg and Rige [1.€.,

Rirs|rc = (Rirs * Rirc) / (Rirs + Rirc)]. |
® These values indicate the respective mean resistances in FB-RB/RC and
FC-RB/RC contacts.

Actual data completely agree with those assumed in Case A.

Appendix: AC Impedance Loci of FB-FC and RB-RC Contacts

Z'(Q)
0
2
g | >
= 8
N -4 T —~ |
6t
_ -
|
— 4+
6L 1 N |
Sl RE-RC
B 1 | — Fit Curve
0 7 {13_2 ﬂ‘; ---- ldeal Semicircle

Frequencies (Hz) in AC impedance spectroscopy are labelled within this chart.

This work was supported by the New Energy and Industrial Technology Development Organization, Japan.
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Non-Uniform Degradation (Module)

Non-Uniform Degradation (Module)

DC Equivalent Circuit Model

Exp.: Isotropic Corrosion in PV Cells

Evolution of /-V Curve & EL Image during DH Stress Test

10
lPBQ.U’- BERRERE S
**onn,,, 3000 h *u.\
......... )
6 [, 4000 h 2000 h 2500 h
E 4 \""’»....-. - '
el .
£ 8000 h >
=] T . i
© 2
3000 h 4000 h 8000 h
0 DH Stress Test Conditions:
5 85°C, 85%rh
-1.0 -0.5 0 0.5 T. Tanahashi ef al., “Degradation behavior with
Voltage (V) acetic acid in crystalline silicon photovoltaic cells,”

in Proc. 33rd Eur. Photovolt. Sol. Energy Conf.
Exhib., 2017, pp. 1462—1465.

Evolution of /-V Curve & EL Image during DH Stress Test
10

oooooooooooooooooooooooooooooooo

o]

L))

.....
o

17000 h ™|

Current (A)
-

2 _
8000 h 12000 h 17000 h
0 DH Stress Test Conditions:
, 85°C, 85% rh
-1.0 -0.5 0 0.5 1 Tanahashi er al., “Degradation behavior with
Voltage (V) acetic acid in crystalline silicon photovoltaic cells,”

in Proc. 33rd Eur. Photovolt. Sol. Energy Conf.
Exhib., 2017, pp. 1462—1465.

Evolution of DC Equivalent Circuit during DH Stress Test

‘ Corroded Area ‘ | Intact Area

Pristine

R. Asadpour et al, “Electrical signatures of
corrosion and solder bond failure in c-Si solar cells
and modules,” IEEE J. Photovolt., vol. 9, no. 3, pp.
759-767,May 2019.

Degraded Module
Rs_a>>Rs b
Iph =Iph_a +Iph_b
D a=D b, Rsh=Rsh_a+Rsh_b

Thick Glass Chamber

- il —
-~ " .. = _—_|I-"}-=‘
| e 3
5 -x---_-a

aturated KCI aq. soln.
+ HAc (3%)

at 70 °C / 85 °C, 80% rh

a) Experimental Setup

o
¢)iSetups in Oven

Summary
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Results
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AC Equivalent Circuit Models

‘ Corroded Area ‘

R1 b I I

Intact Area
C2 b

Parallel Model
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2_
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o _ | _
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Series Model

References:

T. Tanahashi et al.,

TNVTHB I L2RT L ED T Tanahashi et al., IEEE J. Photovolt., vol. 8, no. 4, pp. 997-1004, 2018.
|EEE J. Photovolt., vol. 9, no. 3, pp. 741- 751, 2019.

Panel 1: Degradation Profile

Panel 2: Evolution of EL Image

Panel 3: Finger Thinning Rate

Panel 4: Corroded Metallization Area

at 70 °C
1.0 @ 50
? 08 | 4 40
Q
el
QG
=
£ 0.6 [ 30 ™ 107
g -
> e
-_ o
$ 04 | 20 3, 108 P
[ | ——
— =
e =)
= )
| 5
= 0.2 10 10 BM
. T
D-U ] L I | ] | I i ] 0 | 104

0 20 40 60 80
Duration of HAc Vapor Exposure (h)

at 70 °C

72 h

60 h

96 h

Finger Thinning

\ Y =a
1.0 ¢ - -
IV i y = a—d |70 um _%
N 14 b0 *
0.8 i Woa
" Estimation of
= Thinning Rate (Rt)
T e
E . o\ Rt =35 um / T+c
© \\_i_ = d
g 0.4 | ~ ——ES% Y=% at70°c
2 |k > Tfc=28.75 h
Tte Rt=1.22 um/h
" at 85 °C
| Tfc: Time for Full Finger Corrosion Tfc=11.29h
0.0 S S — Rt=3.10 um/h

0 20 40 60 80
Duration of HAc Vapor Exposure (h)

100

16

at70°C

Total Corroded Area || ©
14 06h: 05.9% |
12 h: 19.0% Q
T 2 18h: 32.1% [ 20 3
- 24h: 45.3% | o
o 36h: 631% | , 2
I a8h:  64.0% =
= B -
2 72h:  65.8% | o
g 9%6h: 67.6% | & B
S Busbar S
Qo
s 4 >
e so ©
Finger Gri —_—
2 g =
0 100
0 20 40 60 80 100

Duration of HAc Vapor Exposure (h)

Panel 5: AC Eq. Circuit (Series Model)

Panel 6: Learning (Series Model)

Panel 7: Prediction (Series Model)

Panel 8: Validation (Series Model)
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Panel 9: AC Eq. Circuit (Parallel Model)

Panel 10: Learning (Parallel Model)

Panel 11: Prediction (Parallel Model)

Panel 12: Validation (Parallel Model)
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EL Images in the Fielded PV Modules

Damp-Heat Stress Test

Evaluation: AC Impedance Spectroscopy |/in the Fielded PV Modules
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DH Stress Test of PV Modules

a) Intact Contact b) Corroded Contact

Glass Glass
PV ceII

©-

ID: K-64 PV Module (Outdoor Exposure: 21 Years)
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Summary
In this study, we aimed to I1dentify the respective evolutions of AC-impedance characteristics In 2 |Common Degradation Mechanism
types of PV modules which 1s comprised of PV cells with different susceptibility to corrosive stress,
Emitter (Si) Gap Modified
during long-term DH stress test. The peculiar characteristics of the newly expressed capacitance (C,), Front Grid-line Ag Pi"ar/ Agy
of which Is non-linearly changed in Mott-Schottky plot, were clearly detected in both PV modules 'é / /
with power-loss. ik
Within the parameters extracted from the fitting to a simple exponential model [C;2 = a X exp (-p —
- . - . - . Ag Pillar
X V) + v, where a, 3, and vy are fitting coefficients], o and y were obviously correlated with the extent )
of power-loss. Noteworthy, these parameters from both PV modules were completely overlaid each Ohmic Contact Gap Formation Rectified Contact
(Gap = Capacitor) (MIS ?)

other. These observations Indicate that a common corrosion-mechanism works in both PV modules,

although the kinetics of corrosion occurring in the respective PV modules Is extremely different.
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The PID delay effect by UV light irradiation for p-type
crystalline Si solar modules based on the different
refractive indexes of silicon nitride layer
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IDivision of Materials Science, Nara Institute of Science and Technology
’National Institute of Advanced Industrial Science and Technology
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1. Motivation 2. Experimental procedure
v" Si solar modules with different refractive indexes of SiN,

UV light layer: 1.95; 2.05 and 2.20.
MZM™ Glass ir.r.agi\é-l-ion Xenon light _ connects to PID stress test conditions
M:EZ M* [1] source _j-‘
S 3y
Sl ” M Lens & J VoItage: -2000V
C-ol ce Voltage source UV irradiation
Back sheet Al foil Humldlty 60 %

Solar module Temperature: 85 °C

v" UV light irradiation causes the increased SiN, conductivity of

UV light irradiation

silicon solar cells [2]. UV light irradiation:
v How does the PID delay effect occur in Si solar cells with SiN, v Wavelength: 320 nm £ 5 nm
layers of different refractive indexes? v Photon flux density: 1.03 x 1015 cm2s!

3. Results and Discussion

3. 1. Electroluminescence images of Si solar modules with different refractive indexes of SiN)_(
n=1.95 n=2.05
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3. 2. Comparison of Si solar module performances with different refractive indexes of SiN)_(
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3. 3. PID delay effect mechanism of UV light for Si solar modules (Photon flux density for meas.: 9.26 x 10** cm~s1)
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Field Observations

_ | { The edge-detection function
Wiaaiag to highlight changes in

%" Cell Crack

8 intensity in a gray-scaled |
& image S===8 L under busbar
I E==se=2t
i/ /,L/U.l Framing: | | | Strong discoloration
g, i ' at the end of the
777710107 | ocal discoloration along
i, /// LI front busbar
cell edges

This discoloration is
directly involved in
the “Framing”, not
just in a cell crack.

Discoloration of front

metallization along cell
=P |nvert (Negative) cracks

Summary

The “Framing” (local discoloration along cell edges) was induced by a|Overlaid Images
PA-UV (P) PA-UV (B) TPT-UV (P)

P

simple sequential accelerated stress test (consisting of hygrothermal- and UV-
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stressors: Panel 1) applied to the PV modules with high OTR (oxygen

transmission rate) backsheet, irrespective of the inclusion of UV-absorber In

poly(ethylene-co-vinyl acetate) (EVA) encapsulant.

UV-fluorescence (UV-FL) imaging of the PV modules suggests that the

spatially-innomogeneous degradation of EVVA material under UV-irradiating

conditions Is correlated to this “Framing” indicating an underlying common

mechanism. These findings would contribute to the development of test

Magenta: Optical Image, Green:

procedures to broadly mimic the actual failures observed in fielded PV.

Results

Panel 1: Experimental Procedures Panel 2: Gas/Moisture Protection Panel 3: UV-induced Degradation (1) [[Panel 4: UV-induced Degradation (2)
(a) Mini-Module with PERC Cells (c) Sequential Testing (a) Connection: “String Interconnector” to “J-Box” 277 UV (B) | UV (P) N Lm(s;wmmlm ------- e O Pristine
__ | . A 8j @ DH
\ DH Stress (85/85) 1000 h :::5 - %ﬁﬁ%ﬁ:ﬁ%gmgt % - = N— ,‘ 6 %i oo o U\./-Iz 1\
'- — String > :_:_: S — : i O Pristine go .'::""""3:}\% \ | . o1 ¥,
UV Stress (Xe: 70°C) a Interconnector i —_— § | :Ecl U; EAN __: gm R 9
——— UV1_— || 'Backsheet Pr  DH UV-1 UV-2| Pr DH UV-1 UV-2 @ v * Nomagew | | s
. '( o0 (b) PVF-Sheet Position (c) J-Box 251 | 0 remeaea !
UV Stress (Xe: 70° ; ol e, | L DH: 269
\UB’/ G g > uv (B) UV (P) _ | pet: 228
UV Stress: 60 kWh/m? x 2 | \ ] — 24 | ‘. 1 o (V)1 2 3 0% o7 -o:l ) (:e/c " 04 06 08
(b) Matrix of Material Combination (3t 300 - 400 nm) \% > _ah %— [ | | | | ' g g
JNEIUEpa L pUDE | PVF/PET/PVF i 2921 | | . , References (UV-induced degradation in p-PERC / n-PERT modules):
- UV absorber PA-UV (P) PVDF-UV (P) TPT-UV (P) J_BOX was glued With a Si I icone Sealant (A) and a L ' l | ! R. Witteck et al., Prog. Photovolt. Res. Appl, 25 (6) 409-416, 2017.
+ UV absorber - . 2 - ] ] .. ’ P DH UV-1 UV-2 P DH UV-1 UV-2 R. Witteck et al., Phys. status solidi - Rapid Res. Lett., 11 (8): 1700178, 2017.
i ahsord PROVIE) YRRl TRVl sjlicone potting agent filled the inside of the J-Box)| 0L r F. Ye et al., Sol. Energy, 170; 1009-1015, 2016,
Panel 5: EL Images Panel 6: Opt. Images (PA Backsheet) Panel 7: Opt. Images (TPT Backsheet) ||Panel 8: Evolution of Framing
' : W = e e “ ﬁ:”: == cmsmay g oo -~'—---——W i lfw | Pristine DH ?.UUUh uv GUJ_iku‘fh/ng uv 12? k\:'.i.fh/mz
PA-UV (P) TPT-UV (P) . PaUV(B) o TRT-W(P) -
- » W - s S - . < : .
| | |
E : J .. | | f ] TPT-UV (B) | : 4 =
e g L S A : N i o e s SN e o \ = I\'.-é-Eiw.-"_' J\J_ —:_L—* =k :
PA-UV (B) TPT-UV (B) PVDF-UV (B) PA-UV (P) TPT-UV (B)
Panel 9: Discoloration (One End of Busbars) ||[Panel 10: Discoloration (One End of Busbars)|| Panel 11: UV-FL Images Panel 12: Appendix & References
[ | | T ---- e . ' . s References (Framing / Snail Trail / UV-FL...)
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pp. 3511-3517.
[2] S. Meyer et al., Energy Procedia, 38: 498—
505, 2013.
[3] N. Kim et al., Sol. Energy, 124: 153-162,
e — | 2016.
PA-UV (P) PVDF-UV (P) [4] J. Fan et al., Sol. Energy Mater. Sol. Cells,
e 164: 8086, 2017.
[5] I. Duerr et al., Energy Procedia, 98: 74-85,
2016.
[6] J. C. Schlothauer et al., Sol. Energy Mater.
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[7] G. C. Eder et al., Energies, 11 (5): 1053,
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Acceptable volume of investment for “Combined Stress Testing”

“HiS $d1&1, Michael Woodhouse?, ##3 B —BR1, Peter Hacke?
1 E R iTi8 SHZFEPR. 2National Renewable Energy Laboratory, USA

Summary

The combined stress tests, In which some kinds of stressors simultaneously applied to the testing PV modules, have several

advantages to contribute the risk avoidance on long-term operation of PV modules in fields (find the failure modes which are a-priori
unknown In new module designs, reduction of potential risk, acceleration of the time to market of a product, and so on). Through the
analyses for the cost-of-ownerships in the conventional qualification test and the proposed extended stress tests for PV modules, we
predict that of a combined stress test, to clarify the acceptable level of investment for this novel test system. In this study, we
demonstrate that, If we could develop the test equipment with a comparable cost to those required Iin these extended stress tests, the
combined stress test would be accepted by all stake-holders in PV industry sector. Furthermore, It IS suggested that the market
penetration of this combined stress test would be facilitated by the equipment-improvement for the multi-module testing.

Conventional Qualification Test & Proposed Extended Stress Tests

SMOdE Wmodm\‘“" . , - \ ] .5.8 ELimagmg—|Ec;60904-13(|sc, 0.1x Isc)
eeeeeeeeeeee L E;equelmc i Szeyu:ed”ucl:sE —_—— B1 C1, C2 D1-D5 E1, E2 F1, F2 3, F4 | I I | | 1
Gg%%igfét:t” “L%ggrjgg“%:%?f N p%gﬁd&%n - Ther?}fﬁiﬁ‘;ﬂ EEEEEEEE :’; zh}ogt:test A1-A8 ‘ ) | o 6.3 Seq|uence 1 6.4 Sequence 2 6. (SU%e%l?]e#gﬁt)Sa B.ESU\Sje?)L;]egwgsk?b 6.7 Seq|uence 4 6.8 Seqluence 5
! Exposure Test 60 ~40°CtoBsC 85°C /85 % RH ik Thermal cycling T Damp heat (200 h) Damp heat (200 h) Damp heat PID (+ and/or -)
ot T | T g e - | grbi. - | Mot T 16 e = MaT 13 MaT 1
|?;";e"§'g§2nff thgmgjiecg;o eeeee L Soeycles ‘)\‘ ool Al, A2 _ 04,05 — | & ra ' 1[19.2|6.1/r7|3|15|EL 1|19.2l6,1/|7|3|15|EL UV (60 :(Wh/mz) UV (60 II«Wh/mz) 1]19.2[6.1;}7'3|15‘EL 1|19.2|6.11I7|3|15|EL
QT 04 MQTIWQ‘Z Humidﬂﬂeﬁe aat [ Modde 1Mo pue = 1 i’ S 1 F2 Thermal cycling Cyclic load MQ;HO MQTW Damp heat PID (+ and/or -)
| Ll || " ~ 2 e S poes) | 1000 5e lonPs) ——1 —= T )
ppppp Mrencs at STC = (d;c;?;nt?:;d) A5-A8 A3 A4 . : 1]19.2]6.1/7|3[15[EL| [1]19.2]6.1/7]3]15]EL (10Lcl:r;1cilelsy)l\r/leg%e12 (10lci;?cllelsy)l\rlle§%eﬂ2 1[19.2[6.1/7[3[15[EL| [1]19.2]6.1/7]3[15]EL
| - : Al, A2 ~ , - Therma: p—— Therma: p— 1 19.2[6.1/17]3]15|EL 1]19.2[6.17]3[15]&
gy | " RIS - , = ~ e || g | [ | [V
| -ﬁEEE‘i{{?LH AB-AB | | 192Hr, | i 7 1]19.2]6.1/7| 3|15 [EL 1[19.2]6.1,’]7[3115IEL — —
nnnnnnnnnnn — =l | [  _r | “Tﬂg'“‘lzz‘l*)l ﬁ?Z.Si’S'ﬁiiQ”ﬁJ;l ﬁ?ﬁii’é’ﬁi]ﬁiﬁéﬁ
—ie | — = f N I
Performance ai STC — ‘ ' (23(;]?:?&89'5();3!(/?&911 (2(18?:%25():3&/?8}911
I | | _ . Llezlebleln; Dlede phlle)
IEC 61215-1-1: 2016 [1] CSR+: 2018 [2] IEC TS 63209 draft [3]
Approach & Results
- - - . . . _ *
The cost-of-ownerships of the existing test system (IEC 61215-1-1) e Pfg‘fo'go'l“- Annual C“m6“1'g;';’eltefts n 3 teségg’ioco's 09 dra
and 2 proposed protocol (CSR+ and IEC TS 63209 draft) were Onit Tact (h) 1 300 3700 2700
calculated, In reference to the total cost-of-ownership guide on PV Ann. Turnover 6.45 5 23 5 23
cell manufacturing [4]-[6] (Tables I, I1, 111). Parallel Tests 4 1 1
Ann. Cumulative Tests
(Tests/Year) 25.8 2.33 2.33
Table I. Spread sheet to be input the price and the depreciation period of equipment . o
. Unit Modules/Test 10 32 50
required in IEC 61215-1-1 Ann. Throuahout
ny ORI sl el — . T ] T 1 N T | Jnp 258 74.6 116.5
:::z:i:::;.:..__ sl : — : (Modules/Year)
ikl b kel Rl ===l T : S — * The optional tests (e.g., the user-based tests defined in CSR+) are not included.
ETr— [T = - - - - . - -
e , e —— — : ** Since the major objective of IEC TS 63209 draft is the risk-data collection on
R e e —Tw==—==— =1 Table Il Annual cumulative tests calculation the testing PV modules, we assumed that the confidence in the test results would
HOTE: = e mam b B =5 3-1&-I. T . .
T —— : ——— In Case of IEC 61215-1-1 be emphasized by a large sample size (e.g., 10 modules/sequence).
i c T Unit Tact: 1,300 h TC 200 (6 h x 200 cycles) _ _ _ _ _ _ N
= e | == + Stabilization Acceptable volume of investment (AVI) for the increasing in confidence on reliability
Tomemalawle mak o g i By e e | tl l - - - - o -
o ductive Tir o T Inspection + else = ca. 10-times of the unit cost in the conventional qualification test
S N : T s roductive Time: 8,396 h !
. A Operation Time - Standby Time - else Table IV: Assumed add-on process costs by cost element
T —— i ' Annual Turnover: 6.45 =8,396/1,300 --- (a)
o ] T i ul = 61215-1-1 CSR+ 63209 draft
— ..,_,_: _ : _“.;-:ﬂ : Chamber Capacity: 10 modules/chamber - (b) 1 DepreCiatiOn 319 ($/y 2609 % 0.83 'fOIC 23.5 % 0.80 'fOIC 225 %
= o i | e = Required Module: 2 -~ (c) 2 Floor space 444 k$ly 1.00 -folo 1.00 -folo
T i e : T — in IEC 61215-1-1 Seq. C, D, and E 3 Materials/Consumables 41 k$ly 1.00 -fold 1.00 -fold
= . g - 24 % 49 4 ¥
Max Parellel Test: 5 = (b)/(c) 4 Utilities 54 k$ly > ° 100 -fold  °*2 % 100 fold >4 P
I?’?:\itlycz?::)rgllel Tettg'il (during Unit Tact) --- (d) 5 Waste Disposal 81 ksly 1.00 -folc 1.00 -folc
Ann. cumUIaﬁve Tests: 25.8 - (a) X (d) L (e) 6 Labor - 245 ($/y 20.7 % 1.00 'fOIC 21.7 % 1.00 'fOIC 21.7 %
7 Cost of Yield Loss 0 k$ly 0 0
Unit Modules/Test: 10 - (f) 8 Cost of Ownership 1,183 k$/y 1,130 k$/y 1,120 k$/y
(IEC 61215-1-1 Sample Size) 9 Ann. Cumulative Tests 25.8 tests/y 2.33 testsly 2.33 testly
Annual Throughput: 258 = (e) x (f) 10 Unit Cost (Cost / Test) 46 k$/test 485 k$/test 480 k$/test
References
[1] Terrestrial photovoltaic (PV) modules - Design qualification and type approval - Part 1-1: Special requirements for testing of crystalline silicon photovoltaic (PV) modules. IEC
061215-1-1: 2016, 20160.
[2] J. Liand E. Hsi, Solar Panel Code of Practice International guideline on the risk management and sustainability of solar panel warranty insurance. Swiss Reinsurance, 2018.
[3] EXxtended-stress testing of photovoltaic modules for risk analysis. IEC TS 63209 draft.
[4] D.W. Jimenez, “Cost of ownership and overall equipment efficiency: a photovoltaics perspective,” Photovoltaics International, pp. 16-22, 20009.
[5] Guide to Calculate Cost of Ownership (COO) Metrics for Semiconductor Manufacturing Equipment. SEMI E35-0618, 2017.
6]

SEMI and VDMA, “Calculate cost of ownership,” 2014. [Online]. Available: http://www.itrpv.net/.cm4all/iproc.php/SEMI_CoO_Template 20140218.xlsx?cdp=a.

. DU D ‘
AIQT K E 22X ==L 7C Ry BEH =2 =~ DIN1C
AlS T /N L?/.JJD‘J'-; FE, WU PAFAS TN =S 4001 1)



ITRI

Industrial Technology
Research Institute

Research Center for Photovoltaics

AE—FBEIRLRICEDELU S
AEZEiRES 1 —IVAGERIEIILOEBRIFIHEZEL

i#S #8181 . Shu-Tsung Hsu?
EE LTSRS TERR, 2Center for Measurement Standards,
Industrial Technology Research Institute, Taiwan

vl

Background

Typhoons in Northeast Asia Damages by Typhoon 201821 High-Velocity Wind in Typhoons

29 Typhoons in 2018 : 7 Typhoons: over 54 m/s 6.5 MW PV Facility Typhoon 201909 (LEKIMA: 2019 BE9%) Tvphn::::E201915{FAXAI: 2019 &E15%)
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Objective & Summary

ITRI-AIST Collaboration <Objective> |Performance degradation in the individual PV cells within a PV module with cell cracks,
Typhoon with High Wind-Velocity which are Induced by non-uniform wind load test, was analyzed in AIST.

Damage o | e [ buiding HlevticalCorde. (1 sach Country)
PV Modules (Damages w/ Cracks IEC Standards (Mechanical-Load) - - - - -
e e |- A crucial cause of power-loss in the PV module with cell cracks (which are induced by
eumodules | Povercen: EEESEE [T Ness | NUDML) was_the damage at p-n junction in the individual PV cells.
blown off (Non-Uniform )
ericisomion | nensmiomwindioadne |~ 1 1NE  COMBINation of our achievements will be a powerful driver to establish an

Our Objective:

standardization o Non-Uniform Wind-loads Test for Py Modules throush our colboration | |Nt@FNALIONAI Standard (test / evaluation protocols) for the prevention of damage due to

ITRI «—— Collaboration — AIST

Nor o i oadres: || “Slatonrtacl o Typhoon / Hurricane / Cyclone with high-velocity wind.

Photo: M. Kéntges et al | Sol Energy Mater. Sol. Cells, 95 (4): 1131-1137, 2011.

Experimental

PV Module Structure (Crystalline Si) Non-Uniform Mechanical Load (ITRI) Electrical Isolation of Individual Cells

N Lamination of Connected Cells Test Protocol - e | Lﬂg 11 - B ; I L g ‘
. - - 1. Non-Uniform Static Mechanical Load ~ é‘i},Jﬂ* ﬁ T ; | e e ’ 2 L J_.ﬂ .
N —d Glass [ Front (P): 1h = Back (S): 1 h ] x 7 cycles at b T TR T
4N | ' 2. Non-Uniform Dynamic Mechanical Load - Mg 5
2 10 cycles/minx 6 h = 3,600 cycles .
=" Encapsulant 3. Electrical Isolation of Individual Cells
5 > (AIST)
~ Back Sheet 4. Electrical Characterization (AIST)

Dark I-V / Flash I-V /Impedance...

Cell & Collector Ribbon

| — || —

Connection of Cells

Peeling

Soldering of
Electrical Leads

ca. 3% Power-loss

., | PmM Isc Voc FF
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Source: ScienceDaily (Oct. 10, 2007) & PV EDUCATION ORG. Pristine after
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A typical module has 36 cells connected in series

Glass

—_— 0\

: .

‘ Back Sheet

Peeling with
a micro-grinder
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ABSTRACT: This work designed a non-uniform dynamic mechanical loads (NUDML) system and test data of
mean surface pressure pattern (MSPP), and successfully defined one severity test on PV module that can fulfil the
different wind effect and Its environmental factors (e.g., wind velocity V, module tilt o, wind direction angle ). In
addition, result also can evaluate the wind resistance capability of PV module and the quality of related fixed
brackets (or clamps) as well, and meet the application requirements for PV system installed on land or on water.
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When the air flow field followed the independent Reynolds number and
fluid similarity formula, then the pressure coefficients (C;) will keep the
same value when wind velocity is different. Then MSPP @ (p;- p,g) Can be
obtained by separating the Ap, distribution on the module surface into 18
zones and averaging them, in addition, multiply by the safety factor (SF).
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|. Characteristic Steps for MSPP@p,_p,4

MSPP @p,~P;s ]
g=180° | cyclic test
0.5 MSPP @p;~p;s
B=0 =0
l — module
l | V \ Y
_______ U4__ —
B=180
pressure suction
2607 1479 2607 3192 2514 3192
4309 2352 4309 5449 4495 5449
5611 2297 5611 6783 5208 6783
7802 6655 7802 8312 7626 8312
7533 9649 7533 9289 11450 9289
6842 9001 6842 8316 11146 8316

MSPP1 (61.2 /25 /180)
AVE(MSPP1) =35602 Pa

MSPP3 (61.2 /30 /180)
AVE (MSPP3) = 6951 Pa

-8054 -10007 -8054 -9710 -11165 -9710
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MSPP2 (61.2 /25 /0)
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MSPP4 (61.2 /30 /0)

AVE (MSPP4) =

111. MSPP@p;-py5 (V, @, B)*; unit: Pa; P”+7;57-"

-6637 Pa

o
“'.qﬁ
-
i (WY
%
kS

NUDML test

-V(1) /EL(1)

Test Flow = -V(2) /EL(2)

1) NUDML test system: owns 18 (3x6) independent loads (max. force £12,000 Pa)
and fulfils the test requirements of MSPP@p,-p,g due to wind effect with different
environmental factors (V, a, B).

2) EL system: EL Z4-PLUS contains 4 high-resolution CCD cameras in NIR

technique, biased current 8 A.
3) 1-Vsystem: BERGER Pulsed Solar Simulator, STC: 1000 W/m?, 25° C, AM1.5G

[l. Test Capacity and Test Flow

-28, 317 25 PM

V. NUDML+ MSPP4 (61.2 m/s, 30°, Q°)

Ref. 1. S.-T. Hsu et al, Environmental Factors for Non-uniform Dynamic Mechanical
Load Test due to Wind Actions on Photovoltaic Modules, Energy Procedia 150, 50 (2018).
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The Internatlonal Energy Agency (IEA) Photovoltalc Power Systems Programme (PVPS)

Mission Statement

To enhance the international col-
laborative efforts which facilitate
the role of photovoltaic solar
energy as a cornerstone In the
transition to sustainable energy
systems

* The IEA Photovoltaic Power Systems Programme (PVPS) is one
of the Technology Collaboration Programmes established within

the IEA in 1993.

* Global network of expertise, Independent, objective, neutral

« 32 members: 27 countries, European Commission, SolarPower,

SEPA, SEIA, Copper Alliance

» Activities are carried out collaboratively on a country basis along
a number of technical and non-technical subjects

* Currently, 7 Tasks are active

* Task 9 - Deployment of PV technologies: co-operation with developing

High-penetration of PV systems in electricity grids
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IEA PVPS Task 13:Performance, Operation and Reliability of Photovoltaic Systems

Performance and reliability of PV modules and systems are key topics that are attracting more and more
attention from various stakeholders every day. Recently, it also comes in combination with the terms of quality
and sustainability. Task 13 has so far managed to create the right framework for the calculations of various
parameters that can give an indication of quality of PV components and system as a whole. The framework Is

now there and can be used by the industry who has expressed in many ways appreciation towards the results

Included in the high-quality reports.

Task 13 aims at supporting market actors to improve the operation, the reliability and the quality of PV
components and systems. Operational data of PV systems in different climate zones compiled within the
project will allow conclusions on the reliability and on yield estimations. Furthermore, the qualification and

lifetime characteristics of PV components and systems shall be analyzed, and technological trends identified.
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Subtask 4: Dissemination

http://iea-pvps.org/index.php?id=57

IEA PVPS Task 13 Activities (All Documents can be Freely Downloaded.)
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Figure 1. EL images and P, retentions of four-cell modules fabricated with silicon heterojunction cells and
different encapsulants in the cyclic sequential test of DH and TC.
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cells (highlighted by @ in the left schematic image) after cyclic DH/TC test. Fractures of mechanical analysis from —40 to +85 °C. lonomer
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Temperature and Irradiance Dependences of the Current and
Voltage at Maximum Power of Crystalline Silicon PV Modules

Manit Seapan’, Yoshihiro Hishikawa?, Masahiro Yoshita?, and Keiichi Okajima
Department of Risk Engineering, University of Tsukuba
2Research Center for Photovoltaics, National Institute of Advanced Industrial Science and Technology

This study analytically and experimentally
investigated expressions for the temperature and
irradiance dependences of current at maximum
power I,, and voltage at maximum power ¥, of
crystalline silicon solar cells. Based on these results,
a new formula for temperature correction of Vp,
was discussed. The simple formula for estimating
maximum power point (MPP) P, was presented,
which was derived from the corrected 7, and V.
The correction formulas were investigated without
information on current-voltage (/) curve parameters
or diode parameters.

From Eq. (1), we obtain

‘I(Vmp+1mpRs)

Iy = Isc + Isc(T —Tp) — A+ exp( NonkT

_Eg) _
kT

Here, a is the temperature coefficient of I, which is assumed to be
0.05%/K, T, = 25 °C (298.15 K), N, is the number of series-
connected cells in the module, and 7, is assumed to be expressed as
Iy = A-exp (_k—b;g) Here, 4 is constant parameter and E, is the
bandgap energy. The E; was assumed to be 1.12 eV [1]. The results
show that the temperature coefficient of /., is within +0.015 or
0.02%/K and the nonlinearity of 7,,/G is within +0.013.

As discussed in the previous sections, the 7, is
nearly constant for a wide range of temperature
variation. Therefore, the translation formula for
voltage from [2] can be used as follow,
T,—T; nE
V’mpz = Vmpl + le o (Vmpl - Tg ) c)-

®)

Considering the slight temperature dependence of I
Eq. (5) can be corrected as follows,

! Nc KT Isc _Im
v o Vimpz AV
olmp ~ Impr A ™
, Al
AV =V mp2 @ (8)
if R, is small, Al = I, - a(T, — Ty). 9)
If we approximate I;"—” ~ 1,
AV =V oy X a(Ty = Ty). (10)

The equation for temperature correction of Vi,
which does not include Z,, can be expressed as
follow,

* From the experiments and simulations by using single diode model, the 7,

Vinp+ImpRs @)

The output current 7 of the PV module can be approximately expressed as follow,

L a(V+IRg)\ _ V+IRs
I'=1Isc—1Io exp( NenkT ) Rsn @

The derivative of Vin (1) with respect to / at MPP
and the following is satisfied,

avl  _ Vmp

@

dllmp ™ Imp
The I, can be expressed as follow

‘I(Vmp"'lmpRs))

1, qlgy -exp< NcnkT

. _Rsh NcnkT

Vmp A(Vmp+ImpRs)\' (3)
Rs | qloRs . NcnkT
g Ngnier ©XP

1.05

1.01381

7<

0.98437

Rsn

-
=3
=3

Normalized Iy,
14
©
(2]
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Fig. 4. The Vyy is measured V., and V', is corrected Vi,
by Eg. (5).

Vmpz = V’mpz + V’mpz xa(T, —Ty). (11)

The P, at the target temperature can be
estimated if the G is known by a separate
measurement,

1000

PmaxZ = Vmpz X G_llmpr (12)

Equations (5) and (11) were used for the
outdoor experimental ¥, of a commercial
crystalline silicon PV module. Here, the nEg/q
= 1.2 V was chosen from the best-fit to
experimental data. The N, of the module is 36.

is shown to be nearly

constant for temperature range about 0-70 °C. The simulation showed that the I, is nearly
proportional to G in the irradiance range between 0.5 and 1.2 kW/mZ2,

* The I~V curves corrected to 25 °C by the formula showed good reproducibility for many days.

* The P, also showed good reproducibility with the standard deviation within 3.3% for the irradiance

range between 0.2 and 1.2 kW/m?2.

» These results are useful for characterizing the performance of crystalline silicon PV cells and

modules by using the 7, and ¥, values.

Fig. 2. Normalized /,,, vs. module temperatures at 1 KW/m?2.

— IVcurve at 1.0 kWim?
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1V curve at 0.2 KWIm*

— foyVo CUITVE.
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Fig. 1. The I, vs. ¥, curve calculated from Eq.
(3) and /¥ curves at 5 irradiance levels.
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Fig. 3. Normalized /,,/G vs. G at 25 °C.
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Fig. 5. Experimental [, vs. Voo and Vi, plots for 28 days.
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Fig. 6. Corrected P, /G vs. G plot (28 days). Corrected
Prax Was calculated by corrected Py = Vi X Iy
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