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Enhancing the Performance of Si-Based

Photovoltaic Cells Using Inorganic Phosphors
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Abstract

Given the challenges associated with global warming, the
development of green energy materials has been recognized as an
Important issue in materials research. The solar cell is one of the devices
that can be used to generate sustainable energy. The power conversion
efficiency (r) from light to electricity in the silicon-based photovoltaic
(PV) cells is highly dependent on the wavelength of the incident sunlight,
and the #—4 relationship is characterized by the spectral responsively. In
this research, we have utilized the solar spectral conversion principle and
predesigned device structures to investigate the enhancement of
efficiency by coating PV cells with down-conversion or up-conversion
phosphors using low-cost screen=printing technique. In addition, X-ray
diffraction, fluorescence and reflection spectra, and SEM imaging as well
as solar simulator were used for characterizations and measurements of
phosphor-coated PV cells.

Composition-optimized down-conversion phosphors (i.e.,
Na,CaPO,F:Eu*" and KMGd(PO,),:Eu*" (M =Ca, Sr)) and upconversion
phosphors (i.e., La,M0,04:YDb,R and KCaGd(PQO,),:Yb,R (R = Er, Ho))
were selected to investigate their potential in efficiency enhancement.
With coating of Na,CaPO,F:Eu®* on the front side of PV cells, the 7

value was found to increase from 15.93% to 16.59%; whereas the



experimental Az values were found to be 0.66+0.01% (x = 10),
0.7140.01% (x = 50), and 0.52+0.01% (x=100), respectively, when
KCaGd(PO,),:xEu®* was screen-printed on the surface of PV cells.
Furthermore, with the coating of La,M0,04:Yb,R (R = Er, Ho) on the
back side of PV cells, the experimental An values were found to be
0.25-0.29+ 0.01% (R = Er) and 0.44+ 0.01% (R = Ho), respectively;
whereas those were found to be 0.44+ 0.01% (R = Er) and 0.59+ 0.01%
(R = Ho), respectively, when KCaGd(PO,),:Yb,R was screen-printed on
the back side of PV cells.

In this work, by using spectral conversion principle we have
demonstrated the feasibility of efficiency enhancement in Si-based PV
cells through screen-printing various phosphors onto the front/rear sides
of the commodity PV cells. We have prepared phosphors with different
functionalities and secured quality-reliable binders and PV cells with
predesigned structures and achieved an optimal enhancement rate of 5%
in experimental A value. Our pioneering research may serve as a guide
and a promising alternative in reducing the cost of enhancing conversion
efficiency of PV cells for the PV industries.

Keywords: Photovoltaic cells; Spectral conversion; Upconversion
phosphors; Screen printing technique; Na,CaPO,F:Eu*";

KCaGd(PO,),:Eu**; La,M0,04:Yb,R (R = Er, Ho);
KCaGd(PO.),:Yb,R (R = Er, Ho)
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Bk~ SR SR TN A B A PSR o LR DREEL SR E S
PREEASRAES G R DRBETT R L R AR D
ol RptePe B b Gie g MR - B2 AN F R

(4) i+ 8% %= (Chemical colloid method)

BF AR KEEB IS H]E o F A LRAERES 2L
I AR R E BB R T AR B SRS  GE H E fk

T @Ry KSR B AR R A B R IS e

(5) # % " # %% (Aerosol pyrolysis method)
WAz= 2 533 R RBREPFEPRFAAR L3R

pYCE R SO IR R A R - B

L

B i

—\\

(6) #Hzxxti®i# (Microemulsion method)

F* b 3p Coil)~ kAR (water) & B3 2 4p3 AL 0 St K G i
MR RERAR KA G P G FIFER o AR KRA TR F LGk
ATRD - AR LAME g Bt (RRY DK BT -

Flm A 4 i R % (Emulsification) > @ § & & R4 ST 4Bt R AT

FIIRS

PR A B EPE o I €9, A P erfanpicdt e (micromusification ) o

2

b S HCFYR P R /[‘{;"E/fil/] é_0.0lumi 0.1um 2 AR Sl AT

23 >t WIO Apiicstie @ > okApAkid dp & B b o AR ar3) F opce
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(reverse-micelle) > i* B F fg4cz it ~ B R ~ L3S

»
[
\‘\J\
g

F_k

=

T
L1}
=
5

7o TR oot A 5K F R B (nanoreactor ) 0 pt T A BT R i dhk
(7)-k #;# (Hydrothermal method)
PLUEGE R AT A A B R A AR T Ap— T 1R 4p & = 48 AP ( metastable
phase) 112 7 3 #7kF i“fiinit £ 4 o KB F BEERFF BEP
BT RFBEET RA SR
(@) B % BA EARFF A 100°C~275CRF » #Friig * 351048
& =% 7 BenParr acid digestion bomb(s B F B E) HE £ 95
23ml > g R & R4 A wmEo 260°C £ 100 bar > - 4i¢ * 65
Yok LR RBRIFBEFFENFTERY BT F BEAT
Foo P B AR KX R RERA 5 U e B F B ER Y TRk
(b) BB & RA(S275C) o 4 ia? »k#F BRI ABPFE B R
FREENEF » kil B ARG R4 4w 3741°C¥ 2176 atm » &

BOERBOKBE G I > RDPETRL S RAFEMN S A5 RS

L3

$ AR R IE - ASTRTRR R B kY @S iR G

SRR 4 o R TH P SRS K B H P
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Tt 2 TR NEERRTH B8 ap A%
daiho t RAAEOER TR oA S BN L RFE G L
PAMEREE GREHE IR RL - ctHRTPEREIER
BEATR D HET2A2FIPPF R F AR BT
Fro T MAERSRES A RT FHER A2 E 27 B
BELEARR FE B AR p MR 2 B S 3RS
feRE R B E D 2 E Rk e R E P w kR R e v B

SR BEA LA A ¥ - gRAP 5 AR ¥ o K

o

EI‘}-; X 2t
AAF o 5§ AP w RS BES L CdTe~ 2 4tacit (Dye

Sensitized Solar Cells, DSSC) ~ 7 # % # & > RIFE s B T # B

PaventsBadFnE G{fcl AP AT S P ]
gk B L] @:%‘é;ia ) %209 0 17 % 5o mﬁg:}-‘%’)ij ‘] 217% - o
PRk LR R o B SR FBEAY 1954 E R LR
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Lo

AR EETPRAANA L EM e A £ o d LAhdw 2 F (NI
1.12eV)43 » e g% ~ % > A5 P(RF)AEN(A d 2 5F)3 L 4
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o PRI ek EE LTI P ET L A WAANT] 2 PR L A

LA AHBA DA DR B FE S

ik g2k 3 2k FE
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FLSETRER &ﬂj% 5 2
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3. . HEAX 2P
e | GTART T
2o +e . N W N CEd
SBEE 0 S pgp preipRe L
TR e M 320/0’ 3. ATEH
AR LA LGP W
SN L el -
stp ir%ﬁ‘* #* R > aSi © L E (S 1. kg4
e R A AL B 2. Mk
F o aSi EFw x| §15~20% sk 3. # * tandem cell
TATVREAARH | TR SH R R
CHE A EHR
7 AR AL
PTG A
IR R oE ot 1. Atk ehfl e
Frivse | Bme s BAF A Do g 2.%%+
I ﬁ,égﬁa Egi’?f#:}; %;J.lfé' j\rﬁ 3. g\.fﬂ
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dbom TR S R ARk SIE(SigNy 2 SI0) ~ F gk e 5
THER n-AE AR pndR s R Pl AR G R R

REWR AL A pndEG AP B TR AR AMSHE A

BE- HIFEH BTS20 ELT BAARFEEE > - ik
= B ﬂa%*%ﬂ‘ 23 SR R R (spectral response) 41 ~ R
Mo~ R R F M~ 2h4p e (miss match)4F (22 = 48 (diode) i % - 3E
[4] - B 11 &or < B L & AL/ R (V)i e > 1V B T g =
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\\\

|
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()]
e Lo
AREEE T
FiEdhig
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TR BT R AR o de e AR S BT

FRETRABT A E TN E R IT Sl LA

1. ﬁxr’%ﬁi%]:’iﬁ Zx (Pm)

THRAT AR TRMV)E TR0 THRT AFH NS S
TERH TEREHEIEFE LT 5%]“"557 75 Pm), & Pm =
Vinr ln (Vi > I & 5 5 é_ﬁxr”'sﬁi%]ﬂzﬁﬁ"%iifﬁﬁ??,ﬁ)o
2. & & #Hrc (Energy conversion efficiency, n)

REMEOCE AL TR ABE A L BRALEPDE S BT

(P/Pin) X 100% = (Vinl/Pin) X 100% = (Viml/AE) x 100%

He E LB T2 p BisEWatt/m®) » A 3 X B 3% 6 f o
P sHBR A kBt L 247% 5 fF 19.8% - 215
14.5% ~ 7 it 4 25.7% ~ CIGS 18.8% %7 % 4% # 47 33.3% -

# v F]2%  (Fill factor, FF)

EAFFE A< )- RTELF TRFHISF P B RDTE
(Voo) &t &ie & i (Ise) 2 ff 5 7

FF = (PM/Voelse) = (Vi / Voelse) = (- AE/ Vielse)
BEBRE IV HGR(SARER 1)Y > LR ¥ ki IV

W R fo— BAEAFE AR R 0 F]pt FF EARR ThE IV b RARIERIT
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AM15 > T E Sk xS 4 HAEETE46.8° 0 § < B R BRI 5k £
WO A F K e L SRR B AT R TR 0 € 5 4 20% o
TR AT RKER A PR PIBER A LG HY B B
2_ & #Hgn > (Diffusion component) » F] b 443 & F ek 1R

£ 7 AM1.5G (Global)2 AM1.5D (Direct)z. » » # ¢ AM15G ¢ 3

z‘]

wH

:I_

A

AN A A Bk £ 0 @ AMLEDR]Z G - Bl164 PR F

H(AMO) 22 3 £ + (AML5) = b % it B sk o = 2% X 1B

Al
™
&=h

74

6‘34

BBl Ar R Bk R T ARAMO A B A ST A R RS

EH

MERATR  efRERE  R H R M2 7 o oY AMLSG & §_
AML15D - H ¢ AML5G # i e & 963.75W/m° » @ AML5D

ko BB R 5 768.3IW/MT B RREE B o gt

figF - 1+ 11000 Wim? o
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i Black Body Radiation at 6000K

= 20—

5 AMO

=

- AML5

2 10-

=

E 0.5

UE"- 0 I I T T T T

i 0 0204 06 0810 1214 16 1820
Wavelength (um)

B 16 < § B¢ (AMO)2r 3 £ 1 (AML5) = 15 % it £ 3% [14]

TR PR A TR RIERITF S RS A S R
RE AR R0 BRFALR > BRI LFTE A EDT A
Mo B A E AT FRFT LD G FL A A REARY

TE A PEA R PPIREE S PG RIEE R R EASTM
E927 ~IEC 60904-9¢ JIS C8912 % 53 kit + I kg Beh% &

% A o0 A KRR & % A 5 3 M (Non-uniformity of Total

Irradiance) ~ B& & # 4§ € |+ (Temporal Instability of Irradiance) ~ k3% &
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B (Spectral match) > #-~ B kg BE as S A-B2C= B & &% >
4o 2973 o

Fo 2 B R R R A B E (7]

e W PR E RS
A B C
B AN
(Non-uniformity of =12% =45% | =+10%

Total Irrandiance )
LS N N
(Temporal Instability | =+2% =1+5% | =£10%
of Irradiance)
A B
(Spectral Match)

0.75~1.25 | 0.6~14 | 04~-2.0

WEFUARIBEERE 7 - Rh3 T BB F AL

- = * B =& (Primary reference cell)£7 = = &8 2.+ % »

._.,\

(Secondary reference cell) » P 70 3 & %5 T3¢ &5 “H#7 7 H =5 &
PR b ERARLE A NIRRT %R E(NREL) S p A 2 R

F(AIST)® » 7 3 T R 5 L 2 R S T8 L

FErHrELP BT S FREA m%lbl'#r]b}f%{, (RIS 4
HHEE LR AR E T RE LWL AR A R T

27



h
w

2R

‘)
}74

23 F BRI THEN

Pod BH e s hh s BR P ERon yrape By
B0 F AR BRI e S o W F E30~40% 0 EAcie T
S J]*'«f; BixEBF B P 22002# d MA.Greens £ # 417 —
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¥k K B he @179 2 A Fl s U G A#EME DS HFa T
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400-1000 nm:fsk ki (7 5k 7 e o Bl189 T B — Henk BBk en
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Si solar cell Down-converter
Up-converter Si solar cell
Rear reflector

(a) Up conversion (b) Down conversion

B 17 @@a T @y kb B s 7 L R[E]
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Excitation - Emissions <
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B 18 &

Double silicon band gap
.'"]'I'rﬂ .

f i]hl N Silicon band gap

e

TN

.
‘\.

e

N

'L.F e /4’%‘:—" ,mré»f/?ffﬂ?w

Photonflux (10'/ m? s nm)

n“

el

500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)
AM 15 enx [ER2HT™ » #2 L 2 aag PR s £ [9]
DownConversion Up Conversion

Down Conversion Up Conversion

| Excitation

v W

SR

400 nm 700 nm

Down-Converting Phosphors Up-Converting Phosphors

© Conventional Phosphors % Halide Phosphors :
v,0,: Bt YF;: YOWES GdFy: YbHE
LaPO, : Th** ,Ce™ g LaFy: Yo Ho™ ; NaYF,: b Tm*

. > 34 - - 3 3
BabgAl, O, : Eu?* BeYFy: Vb3, T © BaY,Fy: YbH,Tb*

LY

¢ Quantum-splitting Phosphors @ Oxyhalide Phosphors :

YOF : YE™, T 5 Y,0CLF, : Yo Th*

& Halide Phosphors :

+ LiGdF, : Bu* # Oxysulfide Phosphors :
©OYF PR LaFy Prt Y08 - YR EP* 5 Gdy0,S - VB Er*
* Na¥F,:Pr*t; LaCly: PPt La,0,S © b, Ho**

@ Oxide Phosphors : % Gallate Phosphors :

+ LaByOg: P
 LaMgB,0,,: Pri*
 S1Al,Oyg Pri*

YGa,0y 1 YEHER
Silicate Phosphors :
YSi,0; 1 Y, Ho

¥,Cag0y, : YhHEH

-~
~

Y$i,0,: Yb¥, T
W19 1% % * ek ot e 7 LA S 7 L W

LT B F R T T2

¥ 17 1 HE¥ (up conversion; 4§ 17 ()47 77 ) » T 4 (down
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conversion ; S H4c @ 17 (b)#77m )& & ¢ 4 3 (spectral concentration) -
SHERF Y Eiz BRI AR F KBTS R R MR e B
Ko ERLIRNBE AN RT RSN F AR A Y F
ek BRI TE R R jea 24 T /R F (electron-hole pair) #t
HEF AT e 5 47.6% @ = LT iz R k¥
%4158 down converter | iEr X B R @ A e P o JIF R E AR AB T
AL S B e BRSO R L AR XY e Bk
FoZRBEIBAFERRA AL A 2R F/TRH £ RF LS
kT HHed 5 309% ¥z AERP LHHE Y i HRETI&
FE /TS K 2 B e S Bk 2 ke Y N A
SRS AL 2 AT PR R AR TR e Bk S ok b g g T
TR BRSSP L AT A R RN B

e bk 3 4 T g S MG Bk S o BB T LG sk D ki ok

B B ERRA T RN /T PR B S 2 e

& .
2.3 1 tEEF LB RPN ABLTH MY
}Ek”ﬂ‘}jgj;{s,ﬁv\#ﬂ,v Bk R T b HE Y R ehd

NaYF.Er®" ; st % 2005+ ;%7 Shalav ~ Richards# Trupke % < #73%

[10] 3% 2 4% 2 1 * NaYFLEr* # 5 > e 2 sk 4] < 15 a0 T # (Bifacial

30



silicon solar cell) 4% 2 % 2.5% ek 7 $# 3 »xF o gt *b » 2007 & o
Shalav. Richards¥z Green% % %.Solar Energy Materials & Solar Cells#p
T ¢ erdk Ao 1% NaYFiErfot &3 NaYFYb,ErFg v 123 4c H 5k
THF>F[1L] H2d Z & LB Rba S50 > o7t ik

ik PR o R R S H BB B]2097 7

" e

\'_ _‘ _\ hLlJEIl.l.l.'l' AT

: & & &

ML EY *- . L o £

B o G A e
o N g S R

<= (oxide) = fluoride = chloride > bromide = iodide =

larger phonon
0y w
CTETEY

[larger excitation temaller excitation
specirnm) spectrm )

B20 7 Ip i F e A JRd A < 0] B R

2.3.2 THFF LT AP LTS LAY

BT R T S B R R L e o P iR
%2007+ J. Vac. Sci. Technol. # 7]+ d Chung-~ Chung= Holloway % 4
TR A EEET Y05 B0 2 Y08 BT 2 S B T ek T
$& ka5 [12] > %A 7 A1 * &2 F &~ 3 3,9-perylenedicarboxylic acid
bis(2-methylpropyl)ester (PE),and tetraphenylporphyrin (TPP) . & #%
s et (2x2 emY)ehs A T b oo

B iT Shpaisman % 4 [13]{ #Fma 477 k5 F g L3 452

31



= F o3 g 2.7 o 2L & @A) (non-concentrated) ¥ 4 & (single
junction)# = H T 4 2 Wk T g UG 49% 0 Ap ot g kS

DA KT EEAL S T G AR 31%

24 %7 1M % 12 33

% K Intematix = & Li~Shan~Cheng £? Ko & * A& WO 2007/1333445
A1¢ [14] 0 4@ -k F)a o 280-460 nm b K 2 3 K 22k
(Sr,Ba,Eu),SiOsFy & s w3 BT # o > G e 2 H wfg
»eF 2 H 8 o 47 f Eindhoven 3. + ¥ Hintzen #t#:47 1 B &
US2009/0044859A1 & f| 2@ » #-72 & 5§ it F  SrpSisNg:
Eu* - LaSisNs:Eu™ 27 CaSIAINGEU B L 3t p x B3 4 ¢ » 7 1 #
350-550 nm & £ 2. ~ Bk 5 L & 550-950 nm ¥ B R
e 2§55 o [14]

25 5 B 18

BIRAHBATA%) 1980 £ d LA AN AR L LT R
B> 1999 # e ffitedad B T X ¥ T A E > 2005 # & EiE 55
B (T 90 MW 23k i3 6.4%) > 2006 & & 130 MW(2 2k # b
8.5%1 +) > & kIEH AT 2012 & & 300 B (2 Tk H Gk 21%2 F) o

Gl A R R S X A T L WS 2 A AT g
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ES
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Jeo S dnd TV I T R RER(EREY IR ED

|

SHRE TR Z RS R AT T g i S S BT
# xS o Strimpel & A [I]R W B & kA EEZ AT E G i
SRS AR L AER SRR B L AT R

ALy B3 T AR S K 1000 nm b F s G R o %

&

BRI TR (PARAE M)A RBSHBRTE 2

TGOV A3 22 - HART L HEL I EHE

ﬂ

AME BRI BEERASHERRA DR B/ P AT IR L5

PRSI RS c 3 VR I H A T 2 kg
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R AP G S FESIF LEF AR S TR e gl
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FEAANBEED SRR oS AP FL AR B Y
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31 R%EH S

1.8 fe4% (Magnesium carbonate) i & ;% : MgCO; % & : 99%
KM @ Showa Chemicals, Japan

2.8 442 (Barium carbonate) it # ;¢ : BaCO;3 % & : 99.98%
R4+ Aldrich Chemicals, U.S.A.

3.5 it 48 (Aluminium oxide) it # 5% 1 Al,O; ¥ & :99%
K4 Acros Chemicals, Belgium

4 p% fe 49 (Potassium carbonate) =& 3¢ 0 K,COz 4 & : 99%
KM Showa Chemicals, Japan

5. Bipi4r (Calcium carbonate) i+ % ;% : Ca,COz % & : 99.99%
R+ Aldrich Chemicals, U.S.A.

6.% i 4+ (Gadolinium(lll) oxide) i # ;% : Gd,O3 % & : 99.99%
R+ Aldrich Chemicals, U.S.A.

7840 = & 4% (Ammonium dihydrogen phosphate )
it &5 (NH)HPO, & 1 99.99 A @ Merck, Germany

8.3 it 4% (Europium(lll) oxide) i & ;% @ EuyOs3%4 & : 99.99%
K%  Strem Chemicals, U.S.A.
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9.8% it 4L (Strontium Carbonate) i & ;¢ @ SrICOz% & : 99%
K4 Showa Chemicals, Japan

10.5 i~ 4@ (Lanthanum(lll) oxide) i & 3% @ La,Os4 A& * 99.99%
K - Aldrich Chemicals, U.S.A.

11.% 48 (Ytterbium(lll) oxide) i & ;% @ Yb,03% & : 99.9%
&% - Aldrich Chemicals, U.S.A.

12.% i+ £ (Holmium(lll) oxide ) i & ;¢ : H0,O3% & : 99.9%
B Aldrich Chemicals, U.S.A.

13.% i 42 (Erbium(lIl) oxide ) . & 3% @ ErOz & : 99.99%

R - Aldrich Chemicals, U.S.A.

14.% i 4= (Thulium(I1l) oxide?); i £ 377 Tm,0; % & : 99.99%

R4 o Aldrich Chemicals, U.S.A.

15.% it 4 (Praseodymium(I1l) oxide) - £ ;% : Pr,0O; A& : 99.99%
K% - Aldrich Chemicals, U.S.A.

16.% i 4p (Molybdenum trioxide) i £ ;% : MoOs% & : 99.5%
R4 © Sigma Chemicals, U.S.A.

17 #%% (Sulfur powder) i #:¢ 1S A 1 99%
R : Showa Chemicals, Japan

18. B " A [ e "® fig (Poly(methyl methacrylate) ) i+ & 3¢ :
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[CH,C(CH3)(CO,CH,)], ° : PMMA ; ~ 3 & 190,000
R o Aldrich Chemicals, U.S.A.
BT ARG JJ% #L (Poly(methyl methacrylate, PMMA
Binder) : oAt # & I H
20. = Hac %4 (Solarcells): & % /57 ~ & fow hftH
Frp kiR FLFE AT 156mm*156mm ( 6vF) B & akk ARk

F16% 4
32 RERH

(1)% :F % & (High Temperature Furnaces)

RN T YL PREN S

=

FEEAI 0 Ao B S 7,056em®
fie % Eurotherm 818P AR #r B 2 &7 it dpseFr ~ 2 B 3 E R ¥ & 1600
C2 2% Lindberg 22 4 2 @3B HA% 0 R 2FYL
9,880cm’ » if A& t *T 5 1500°C -
QB EEHAELF %R

i * £ B Lindberg = & %1% 2. 51442 A] » #fe Eurotherm 818P 7]
AR B kp o BEAR UL 1,000°C -
(3) X sk ¥E5+i% (X-ray Diffractometer)

it * BrukerX R ¥E&tik > X kR A 4 2 RIZ L F1* 40KV erdk (T7
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o Aeg T RFE RSN RT  SERLMA K B2 A0
£ % 15405A > Koy e X b3 > £ipIpF2 3 (T30 5 20 mA - Ry
Bl2. 20 6502808 #Hmhils 20/0 FmEsisrssll
Boo BRI LBk AT B 39 3 fmifs 0 H R holder (7 E R
B BAPNE s R ERE 2 24 B -

(4)¥ £ &% % (Spectrofluorometer)

i# * 2 & Jobin Yvon-Spex Instruments S. A. Inc.= & #t% Spex
Fluorolog-3 % & k2% % » #5 % 450W 4 % Hamamatsu Photonics #+
Wig RO28 AL T RH ¢ 5 MR E > Fr k& #F 5 200nm T 1000
nm o
(5) ¢ A& A 1&ip] _ (Determination of CIE Chromaticity Coordinates)

i * p ALAIKO= # #r & @ DT-100 Color Analyzer- # fic ¥ % % 3%
RITVRIEHEE ~ ¥R S P®RUZRE IR
(6) #H% s+4F e 3\ T & B s (Field Emission SEM, FESEM)
F*RRZ L~ 2F %3 (NDL) Hitachi S-4000%] (FESEM >

H4eig 7R 505-30KV 0 2+ 2 % 520-308 12 o
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33T Y kL2 WUy

3.3.1 T & Na,CaPO,F:EU”" ¥ %452 # &

AFTY R B B2 & 3 NaCaPOFEUT % ¢ F ks o ik 1
8 3+ 8 (4- B121)#-97 § A2 43 Na;COz ~ CaCOs ~ (NH,4),HPO, 22 Eu,04
g R s s BNIETERR? > e ~ 1 F ud B F £ 20%:NaF it
R FEX YRS RIEE A MEHIEY > 240%

H,/60%Ar# & 4 = > *+800-1000°C % § & %8/ pF o

Na,CO, CaCO;, Eu,03 (NH4)2HPO4 NaF
1/2 1-x 1/2x 1 20%

800 ~ 1000 ‘C
H,/Ar  40%

Na,CaPO,F:Eu?

B] 21 Na,CaPO,F:EU” % k3 % 8 B ik 2 & 2 nfe
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3.3.2 T &% KMGA(PO,),:Eu*" (M= Ca~Sr)¥ %k 2 # %

[16, 17]

imk KMGA(POL);EU & ks thte * Blii 227 & = » Bi- &
3 (4o B 22) #9742 454 (NH,),HPO,~ K,CO3~ Eu,05~ SrCO5~ CaCOs
21 GAyOz395 R & > EIBHRAASY o R 7 F BFREE 5%
9 NH,Cl (5 2 & > A BT 2 353 R & 18 > AR{SE ~§ Y4883k

¢ 5 3t 000-1200°C L T 6 | PF o iEimin AR4o ) 22 1

K,CO; CaCo; Gd,0; Eu,0; (NH,),HPO, NH,CI
12 1 1/2(1-x) 1/2x 2 50

900 ~ 1200 'C

KMGd(PO,),:Eu** (M= Ca ~ Sr)

Bl 22 KMGA(PO,):Eu** % % % & fk 7% &l % i de
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3.3.3 } #i 3 La,M0,04:Yb*, R* (R = Er, Ho) ¥ sk 5 2_ %] #

[18]

&4 12,M0;00:YD™, R*" (R = Er, Ho) # %45 ens & th11a %
e 7 > 12 LaM0,0g: YB™ ErT 5 6] » F £ 4B~ 1 # 2+ £ 2 La,03 M0O;
YboO; 22ErO; > # ¢ EPT& Yb™ 5 I B Be 8 La™ e 2 i 1 & > 7]
S ECTR YD B > LaT R L W 0 3 F P A

dodn % ~5% HCLz® @ Hiaf TR R ERHicE TER

=
(7

F bk R IBEF SRR RAESS L~ § C4EE

7% 2 9 BIEER > 200C v §8 P AL T 0 AR (518

8% 4 LaM0,0g Y™ Er™ s & > 2 kmit Az o B]23#7 7

La,O4 MoO; Yb203 Er,0O,
1-1/2(x+y) 2 1/2x 12y

5% HCl(aq) 4 f&  80°C iz

900°C 8/ B
[ La,M0,04:Yb**, Er®* ]

B 23 La,M0,09:Yb**, R* (R = Er, Ho) % % 2_ % % i Az
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3.3.4 } # 3 KCaGd(PO,),:Yb* M (M= Er, Ho) ¥ k2 %
%

w K KMGA(POL)EU™ % k2 i » A & @ % T ‘BE 2

Azdn e iE ¥ (NH4)2HPO4 ~K,CO3~ Yb203 ~Er,O3~H0,035~SrCO5~CaCOg

BGA,03 0 HAzdndr R F T G E R MIBR PR R £ 15

FHR 5 EEHIEY o TR Y (R R R 5 1000-1200°C 0 PF 8]

P o i A2 4c B 245757 -

K,CO; CaCO, Gd,0, Er,O3 (NH,),HPO || Yb,04
12 1 1/2(1-x-y) 1/2x 4 12y

1000 ~ 1200 °C

KCaGd(PO,),:Yb**,M (M= Er,Ho)

Bl 24 KMGA(POL)EU % sk 2 B i e 2 4l % siAn
335 FLF Y LRI IELTH WL

Wbt s Sl R T Y AR AP B L kg

FEREAORT AR AT Az (Poly(methyl methacrylate, PMMA))
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BATIRLEA > Y R EPMMASG 5|1 0 108~ d155 5 4p T J4E
BRGNS RF LR G AIEBL TS X kD

% (front side) > % i+ = =

—\\

$o 130 C R B w104 48 TF =2 o

B25#7T & ¥ kb % Fok A X HBa T Wivingm:

Phosphor powder was well mixed with
and dispersed in a composite PMMA
polymer binder

@ Screen printing
@ Baking at 130°C, 10 min

Phosphor-coated PV cells with a
transluscent film with 1 pm thick
was formed

Testing and
measurements

Phosphor-coated PV cells were tested
and IV curves, Voc, Isc, and /i were
measured

B 25 % ks % e 3] o T /TR

B2657m 5 * P A RRRETRT LW TR Sw e
(four probe) e & B> 2 > “ﬁ“c} RERRE RS RERI AP AR
KFRTHOTIREETRE 2790 B Z R L BT R A2

THEREE o AR EIV & P > F A8 FED A S SR

& (Voc) ~ “& B § i (Isc) ~ % F]F (FF) ~ 4 v (1) % 4+ 12 % #c -
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1 R AT hE (DR RTR(VOC) S B TA AR e
B T E2 RRE(Q@ETRSC): FAB RS A ETRENT

PEATIE 27 o B o (3)dE i s (Efficiency) @ n% = (=~ # ik + # F
ﬂi%l HE/C~ Bk £ A2 a ) )*100(4 ) o F1+ (Fill Factor) -
FF = (=@ dhdo & # 5 01 E/(Voc * Jsc) ) *100 » &1 # Pmp 7

A S IMp Gt RS BT R A e

R h”r?‘}ﬂfmﬁ;—\ TR

A‘
(m
Eu
<
=
o
3
/\‘
g
4
B
-
M-

. —— Four-terminal Connection
A7
Vs i
| —
o Cell Current. I
/ b,
.
| =4 K | Cell Current @
I'. Measurement
! Cell + \ ]
\ Under v(ﬂ' Cell Voltage
T Measurement
-, lest _ Py
-\-H-H - -
= L4 / Variable
d ‘ Load
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Isc —

Imo b Pmp

B 27T ~BBar ~2|-VEEEREET B
3.3.7 X B T ¥ i kR

SRR L AR F AR R TR Y LR R R

B SR ILE G AR a1 A Bk R BT R

~y

SAPM Sl 2 BHESE PR BB RO T L BB

vHIE

o

b F R GHE L 3 R RIVoc - Isc ~ Vpm - Ipmez FFE S8k
- Bl AR R BRI B R AT e AR A

28%157 -
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[@&;Sample PEL p Az IV ?:‘E‘J]

A 4

HE& R H‘i%i:%&”ﬁ%ﬁﬁ}

B 28 ~ 15 7 B3t KRR T & B
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Fr i BREMEH
41 THEF P LA EHEF PP LY
4.1.1 Na,CaPOF:EU™ % sk 5 X k S5t W2 ~ S 4p 4 45 ~ i
BRaF kLAY
d 331 §HEESF BArE AP o od X ki & it 78
T A 70 £ 2 ICSD T B %55 56962 it £ 4+ 1% 4 vt $+2. 4% (K] 29):

A5 % BT &7 NaCaPOSF chis 24 > tdg st EUP g3 2 16

H 4 % 2% £_Na,CaPOLF 1 A4 -

WL Ve A
L h¥/) '?H'.-‘,r_aﬂ._ :&‘ }“V =
|2

e o v V‘\h‘v ‘ L

| H L ﬂ N Na,CaPO,F:0.05EL"

] ' ﬂ qu ol | Na,CaPO,F

ICSD:56962

Intensity (a.u.)

||| I | YOI R P

10 I 20 30 40 50 60 70 ‘ 80
2-Theta

Bl 29 * 333748 52 EU”'Na,CaPO,FXRD W3 2 1 i

¥-F #7171 NayCaPO,F:EU” & 4+ i 17 SEM &> 117 2 % %
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¥ 2 Mt 255 B 30 5 Na,CaPO,F:EU”" 2 SEM B 5t 4 I

2

BARGSPWRIZI 0 3t ) ) & Sum e

ITRI-MRL SEI 100kVY  X3,500 1;.tm_ WD 10.0mm

] 30 Na,CaPOF:Eu™" & % 45 2. SEM & i}

U * BRI AT L A % ENa,CaPOFEU™ § sk » L] # ¥ k&
HRERERF M > F A F Rk RET b EREU B
Na,CaPO,F:EU™ S5 &1 7 jcs ek £ 5 B2 4 enjed > 78250-450 nmeh
R B ges £ X 5 355nm e H etk S - Bk 2k
# [ 2450nm-650nm » B i& ek £ 5506 nm o % A48 5 43 Bl
Bt H ek £ 5506 nmo i & R p >t EutTap S AF05d— 4f T enpE i ey

R} Hog ok kEIeB]3147T o
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-
[}

1 —— 0.1%Euv*

149 — 05%EW
§172ﬁ - —0.7% EU2+
o i — 1%Eu”
aTUﬁ _r{’ —'-\\:\ 2%}EU2+
= | o
‘éJOB— /,} N —— 3/uEU2+
fohe AV —— 5%EW
'% 06 //’f AP |
= r s
g 04 "j’?; .
© /y -
0 02 ¥, -

00 L -

021

250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

B 31 Na,CaPO,F:XEU*" (x = 0.001—0.05)5c% £ 4 ¢k 2 2 1t i

S oh > B132 5 NaCaPOFIEU™ sy ik T 4 & b ¥ 31 B 2 % 75
o FIHBN LBFPEEY LR ASHBLT S 2 B 1M AT
#-Na,CaPO,F:Eu” ¥7 Ba,SiO;Eu* (BOS)fi & % %4548 7 1L i » 3 I

- RARERAL > 2 RIS0CH g 5 & W5 3R P2 500

N
N

N
<)
1
N
a1
o
(@]
)
8
»
/
/
°

/7
e

IN
S

—e—BOS 507 .
1 . 2+ “m.
—m—Na,CaPO,F:0.02Eu §

Relative intensity (a.u.
N
o

=}

0 50 100 150 200 250 300

Relative intensity (a.u.)
N R b b

1.0 Temperature (°C)
0.8 1
0.6
0.4
02 _‘Ak
00 300°C
4é0 I 560 I 5%0 I 660 I 6é0 I 700

Wavelength (nm)
B 32 Na,CaPO,F:EU™ 2 BOS #4 i} & 45 {3 225 & k22w i
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4.1.2 KMGA(PO,),:Eu** (M = Ca, Sr) X sk ¥4 ]

# o B AT B REF kLY
F @A 5d Xk A B RET 0 5d X L & it
" ERA G 0 £ 2 JCPDS FHL R %t 34-0125 & 34-0118 1 £ 4 (v

L%tz 2 AT S AR 33 F BT Hoes

"

o

{209)

o
& —— KCaGd(PO4)2:Eu

£}
A
=
= KSrGd(PO4)2:Eu
£
i LL_A_I\_“JJL\_NU.A_._‘L_AJ\
1N
T T T T T T T T T T M
20 30 40 50 60 70

2theta

B 33 KMGd(PO,),:Eu* (M = Ca, SI)XRD Bz 2 +*

AFT T #F et # KCaGd(PO4)2EU® 4 KSIGA(PO,):EU* & 4+ 4 1
{7 SEM MeBHE 8T 0 M fRF RS2 Kk jr2 AT EA R §
34 (a)¥r (b)~ B] 5 KCaGd(PO4)z:Eu* 4= KSrGd(PO,),:Eu™ ¥ % #5 2

SEM B if > d Bl ¥ ¢ ¥ MERHELRERLR S o A5k 3 P o
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10kv  X1,000 10pm 18/JANM1

10kV  X1,000 10pm 18/JAN/M1

B 34 (a) KCaGd(PO,),:Eu** 2 (b) KSrGd(PO,),:EU**SEM £ ff2_ 1t
#i

AL EER Y BB 5 L MY X KCaGd(PO) EuT e

KSIGA(PO);EU® » 4 P E #A4p M5 A Mt 284 715 X B T

v

A= fBP-NA A hdas LT SpHBR S FF kT A
¥ - JEP-NH > g 2ot L Fenfdon g o

oo 5 28 Pl kB ERD N RECER SRS

KCaGd(PO,),:Eu* 4rKSrGd(PO,):Eu i s ik 25 5 s % e > B
£ 5 250-450 nmengs Bl ¢ 0 H E e L £ 9 5393 nm e H sk

HE v s - T h k> sk chf [ £.584-700 nmz B > H ki

g kg £ %585 nm o
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- 10% |/
I 30% Aex =392 Nm
P s0% ||
. 0% |
N 100%

450 500 550 600 650 700 750

Comparison of PL spectra of KCaGd(PO,),:x%Eu3*

Bl 35 7 = EUE B 332 KCaGd(PO,)y:Eu e bk 2

B 36 £ @) 37 4 % & KCaGd(PO4)n:50%EU* 2 KSrGd(PO,),50%Eu®*
2R B bR > e ks ¢ 250-400 nm B & LR p EutAf-4f
2 MA@ g kP 575-710nm B A £ LR A EutAf-4Af 2 s

3]s
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Intensity (a.u)

, —A\ex=585nm
2.0x10" 1 ——— Aem=393nm
1.5x10" A
1.0x10" A
5.0x10° -

0.0 L

T T T T T T T T T T T
200 300 400 500 600 700 800

wavelength (nm)

Bl 36 KCaGd(PO,),:50%Eu’" e 2258 54 3k 2§

—— Aem=584 nm
2.0
- - --Aex=393 nm
PLE
& 154
[eX
(&)
e
o)
g? 1.0 1 [l
2 i
(4} "
< "
£ N
05 »
]
"o
Il\lll 1
L PR
004 --7 v
T

PL

T T — T T T T T
200 250 300 350 400 450 500 550 600 650 700 750

Wavelength (nm)

B 37 KSrGd(PO,),: S0%EU" gz 22 4 5k 4
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42 T ¥ R WUE R pad LAy
4.2.1 KCaGd(PO,),:Yb*" R*" (R = Er,Ho) ¥ % 2_ % 4p A
LR & A R ol e R oy
FRei%imd X %4 & $sE > £ 02 JCPDS: 34-0125 4r
340118 TR+ &4 ¥ 2 4 > &% 7 J [F] 38 27 [] 39 X|#7 > F R

345 XRD W3 25 4w £ -

[=]
(@) _ S
o —~ ~
S 3
o
Mm
. T T

—— KCaGd(PO,),Yb,Er

Intensity (a.u.)

T T T T
—— JCPDS-01-034-0125

20 30 40 50 60 70
2-theta

] 38 KCaGd(PO,), ¥2 KCaGd(PO,),:Yb* Er** XRD Mz 2 1t
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Intensity (a.u.)

_' I T .'r'n,-.T--TLLTLJLLqﬂ-_-,m.-

T
10 20 30 40 50 60 70 80
2-Theta

B 39 KCaGd(PO,), &2 KCaGd(PO,),:Yb** Ho* XRD ) 2_ 1t
AP S AL E I S 4G (FSEMB R E R Y Y R &
2 M4 > B 40 & Bl 4L & %5 KCaGd(PO,),: Yb*' Ho™ e
KCaGd(PO,),:Yb* Er¥ 'z SEM®B:if s HE 0 & 2 2P| 255k » = 4 i

- Bk e

10kV X500 50pm

B 40 KCaGd(PO,),:Yb** Ho* 2. SEM £
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AP A ]

10kV X500  50pm 08/SEP/10

B 41 KCaGd(PO,),:Yb** Er**z. SEM & i}

Fla it KCaGA(POL)2EU™ & 4 #% 2 % B it T % s 2 4 » 7|
A BRI A A AR T ko) A R R et B
EEF ko o BA22 @435 f1* 980 nmik & T 5t
KCaGd(PO.),:Yb* 1%R (R = Ers Ho) & % sk §8 #1ip] 18 ¢ # 4 % 2§ > )
42 B 434 W B v YD AT kAR J 10% 3 3 80% -
KCaGd(PO,),:Yb* 19%R2_ 4 % 55 & + %E2 H 55 o

otk AR 0 YDk R 5 80%FF - KCaGd(PO,),:

80%YDb,R (R = Er£ Ho) & T8 &t £ 5 & o
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—— Yb 10%,Er1%
—— Yb 20%,Er1%
6+ Yb 30%,Er1%
—— Yb 40%,Er1%
—~ Yb 50%,Er1%
- —— Yb 60%,Er1%
S Yb 70%,Er1%
4 —— Yb 80%,Er1%
e
‘0
c
8
£,
0
400 500 600 700 800

Wavelemgth (nm)

] 42 12 980 nm & £ iz 7F % s KCaGA(POL):Yb,Er #7117 1 3 % 2§

8.0x10°

— Yb 10% Ho 1%
. —— Yb 20% Ho 1%
6.0x10" Yb 30% Ho 1%
——— Yb 40% Ho 1%

> Yb 50% Ho 1%
= ——— Yb 60% Ho 1%
> =
2 400 Yb 70% Ho 1%
S ~—— Yb 80% Ho 1%
=

2.0x10° 1

0.0 :
T T T T T T T T T
400 500 600 700 800

Wavelength (nm)

B 43 12 980 nm = “F kg KCaGd(PO,),:Yb,Ho #7187 2. F i 4 5k 2%
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4.2.2 LaM0,0g:Yb** R* (R = Er,HO)¥ % # 2_ S 4p -

s kB m g

Br Bl E AP B AESRAPFETLSP B RS E
ICDS 7 4L B 55984594 % & (74 4+ » ¥ 12 7 & &_F 45 & La,M0,0q:
Yb¥ Ertfer # 8 dp it B o d XRDEH (B44)7 % %.La,M0,0,:Yb* Er®*

22 La;M0,00:Yb*",HO™ A + 3 sk 4335 % s -

/T 1 . 3+ 3+
= | H ﬂ Laszozog.YbA ,Ho
< -
2 d La.Mo.O_:Yb* Er**
2 i A L.J v | Lw z ? ~ ,
Q
< |
. o A LaZMOZOg
I |I
10 20 30 40 50 60 70 80

Wavelength ( nm)
B 44 La,M0,04:Yb** R * (R= Ho, Er)XRD Bl % 2. +* #&

HF @ AP FSEMM S E A T 0 BI45
La,M0,00:YD*, Er*"§ % 45 2. SEM% . » B4547 7+ La;M0,Og3f 2+ -]
AF A10pumr T E X S A5 ums e Fd AP s A N L E
RS T EF AR ET GBI A L - B46(a) (D)4 ¥

% La;M0,0g: 9%YDh**, 1%H0> 2. SEM % . -
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LA ;
10KV X1,000 10pm 18/JAN/11 10kV  X3,000 5um 18/JAN/11

?x,,‘ 2

10kV  X1,000 18/JAN/11 10kV  X3,000

B 46 (a)2 (b) La;M0,0g:Yb** HO®* + ## 3 % k45 2. SEM %

43 TRFEFREBHFF CFRTH

4.3.1Na,CaPO,FEUX ¥ ks h hw A HBn B 2 f v sk

THEEER
AFT 7 —12 | ‘P—_":r’i'ﬂ' A@iﬁ}f@ll?g ORT W A S R ’J‘l;ﬁ?’:“!#

kg2 f G kA 2 0l F A% NayCaPOFEU ¥ k45 27 3
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% g p L] L 400 mesh z sk > 47 R 4 L 0.25Pa z iE i T i

o
)
H
(o))
O
O
¥
o
(@) ]
2
&
@,\"
juts]
ki
e
o
R
=
—h
“
M~
%T;
g
mi:\
S
=
\f“b

3%
;g‘ N
L
‘!m
3R
gl
?ln
Sl
\1,1
A
A
[y
Sk
ﬂ N
1
o
]
>

»

Messung
10.00 | 16.14 [%]Eta
B on [7673 [AIFF
8.00
a0342 [Allsc
7.00
06208 [¥]Uoc
i 6.00
= 7.687 [Allvidl
= 500
=
S 6523 [A]lvid2
+ 4.00
z 0171 Al el
a 3.00
0,466 [&] lreve
2.00
32374 [Qhm]
1.00 Rshurt
Ohm] R
000 0.0000 (Ohm] Aser
|
1.00
01 K] 0.1 [ 03 04 05 EE) 07

Fonward voltage [V] 7 Class

Pleaze click on die diagramm to cloze the detailed view

Bl 47T 2w F Rz B dl-VEG

Messung
10.00 | 1634 [%]Eta
eee 7673 [XIFF
B8.00
81945 [Allse
7.00
06210 MUoc
= 0.00
H 7783 Allvdi
2 500
E 6535 A]lvid2
+ 4.00
g 0.209 [A]levl
S 300
054 [Allrev2
200
l— [Dhm]
1.00 dEie Rshunt
Ohm] R
.00 1] 000577 [Ohm] Aser
1.00
01 -0.0 0.1 0.z 0.3 04 0.8 L) o7

Fonward voltage [V] ,— o
B ass

Pleaze click on die diagramm to close the detailed view

XN

B 48 % 7 Na,CaPO,F:EU* ~ & it T % th |-V B
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4.32 KMGA(PO,),:Eu** (M=Ca,Sr)% & x i &

w2 Gt X T HEE R
Bt A T R AL B % 4 KMGA(PO,)EU™ (M =
Ca Sr)’llﬁ@*\m“m%?m%ﬁv—% _\;fz_ﬁ{i é'_']‘f%ﬁé?_‘f;’#rﬁiﬁ

(frontside) » # T 7 47 & Bl4-Hl49

llilll

Z / plmsphm

«— §iN,
«— N*doping

#l 49 KMGA(PO,)Eu™ & £ 45 % 1 < B &7 & 2 457 L W]

B 50 £ B 51 A w5 A% G ¥ By e i
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|
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Foward voltage [V] Class
8
Please click on die diagramm to close the detailed view
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Messung
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= 400
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1.00 Rshunt
Ohm] R
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1
-1.00
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Fomvard voltage [M]
Please click on die diagramm to close the detailed view
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Messung
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< 400
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Fonmard woltage [W] ,—B

Please click on die diagramm to cloge the detailed view
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Messung
10.00 | 16.62

Q.00
76.56
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8.3052
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0.6244

T B.00
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£ 500
= E.78

é 4.00
§ 0.275

O 300
0.707

2.00
100 18.218
0.00 0.00572

1
-1.00
-0.1 -0.0 0.1 02 0.3 0.4 045 o8 o7

Fonward woltage [W] ,—3

Please click on die diagramm to close the detailed view

%] Eta
[3%] FF
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[%]FF
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[A] Irevl
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[Ohm] Azer

Clazs

Bl 53 % 7 K CaGd(PO,)2:50%EU> 2. 6 v = K it £ 3 1 1-V B 1%

BI5422 BS54 %] 5 A S5 ¥ ki % 5 &2 L KCaEU(POy), ¥

THEBERRET EFECTERERE S 2 100% > H kT
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Fomward valtage [V]

Please click on die diagramm to close the detailed view
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AL XN N R BVA R
B 54 & 4% 5 KCaEu(PO,), & %45 6 v T
Messung
10.00 | 16.41 [%]Eta
B0 7663 [%IFF
8.00 ,m 15
7.00 ,m V] Uos
T o [ 786 Al
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% aon ,m [A] [vld2
g 201 [Allrevt
5w 0.244
. ngo5 [Allev
1.00 18492 L!Dsmlmt
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Ry 0.0 0.1 0z 0.3 04 0.5 08 07
Fonward voltage [W] ,— Class
Pleaze click on die diagramm to close the detailed view °
B 55 KCaEUu(PO.), % i 6 v4 = He it & e 1-V B 1%
Lo i a K g__ﬁ'»_;pupa 2 R AN LRIV o #éf,' Ay =4
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it KCaGd(PO,),:Eu*" (KGP) feKSIGd(PO,),:EU* (KSP) « # #-% % 45 %
ek B it T 15 0 £.200-400 nmerd ¢k o FIAE R B K b p AR
o M FRAP T F R eE kA TR kS o d
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ITRI-MRL SEI 10.0kV X200 100pm WD 10.0mm

BI57 £ 4 F CRFF sk A B T4 2 16 SEM & ik

ITRI-MRL S 10.0kV X200 100pm WD 10.0mm

ITRI-MRL SEI 10.0kv¥  X1,000 10um WD 10.0mm

FI59 ¥ %404 A Hi T2 fls SEN ik
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4.4 F f3k ¥ kB GHFP 2 UH S
BRTEFHILAY

4.4.1 La,M0,09:YE* R¥* (R=Er, HO)¥ % & % & % H it

TA2ZHG
FEERN kR T B - en¥ kA T S Y kb 2 A
fiv R 3Bt Rk R ST Ak SR 2
FIQBR|2 00 F o b kI A i BE OLKTF oL I AT E
TP MR & - B A D ok B - £ L
A B BT LR RSN R @R Rk - 2
AP FA B4 5La,M0,00: YD, R* (R = Er, Ho) » #] 5 i
Bk s ek T A AR R ok A ea BT LR
e Bt dme S BB AR g eh o
BRI Rk kS R T H Ak L K A Py 0 B60 T 5
* 980 nmyk £ F 5 GBIk AT T2 b g dE ko A 8T T % TLayM0o,0q:
Yb,Er 980 nmjd & g T 0 B I = AL & & %] 5 525 nm ~ 550 nm#2
655 Nz ¥ & sk k3 2z it d BI61ar FE o 2 Bl R S sE g kR

3+ A
B ERT R 2 B A Hi = lisp ~ *Sa—> s Fop—>lisp 5 B
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¥ ¢t LagM0,0g :Yb,HO 980 nm 3 &t e ™ » A 24 548 nm{-657 nm
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/—2;\‘ 4
5/2 172
980 nm
2
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BRPEF 2w APLBR IR T 2 F Wk PREEREE
bf EFE T 7 B62E A W 5 7 2 & LayM0o,Og YhEr g k45 %

2o Hrae m b K BSEH 2  fio AV P I La;M0,00: YD, Er ¥ ks % i

ARSI ERPETEETRER LS 10%-15% -

Bare cell
30 4 —— phosphor on cell

Use NIS T standard as reference to testS1-cell
absohite wflection data
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.35 La;M0,00:Yb™",R*" (R = Er, Ho)% 1 f Fb it ch 7 i
2o s H 9 3% No.1-2 % 5 La,Mo,0q:Yb, Ho 5 @ #% & No.3 &
La;M0,09:Yb,Er#g i 2 = H5 7 7 5 @ No.4 & #-La,M0,04:YDb, Er¥ ki
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PR GAE TS S LR 4oW63 (b)rTm 0 b Y
kfo TR LER A F R0 N EEFRE 2 BT (An = 0.44%) -

% 3 La,M0,0g: YD R¥* (R=Er, HO) %4 & + FE 3 94 £ T &2 1t ik

Isc Isc A
Sample (bare) (coated) Alsc (be?ore) (af7t7er) (% inc?ease)
No.l  8.05 8.18 0.13  16.53 16.78  0.25(+1.50%)
No.2 8.04 8.19 0.15 16.52 16.81 0.29(+1.76%)
No.3  8.06 8.21 0.15 16.53 16.80 0.27(+1.63%)
No.4  8.13 8.31 0.18 16.23 16.67 0.44(+2.71%)

No.1-3% iw %cells 6 > No.4& % % fecellis w

(a)
Ag
//UP229
«— SiN,
«— N doping
_— | _— «— Prdoping
(b)

SiNy
N* doping

63 + fF L pg R LF @Te D6 HO)TA T

d &K &ENO3frik &No 42z FANE L B ¥ MEF 2t RmF e 738

THRRA R B EREFFERZ L R ’%"&F/é]?jhﬁ‘b
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PE R WG 0 BF ks I T LR E v P-NEG A
ORI N T R RIS WA F R AIT ) - R

R AR B R R R

4.4.1 KCaGd(PO,),:Yb> M (M= Er, Ho) ¥ k& i3 & 7 1
T
Fl5 1#4.3.15 ¢ KCaGd(PO,):Eu* 4 k4t % >0 < H v 3
25 0 P ARD T - TR Ay S E R Ak oop
KCaGd(PO,)i # » £ #3825 5 bdk # il chffd 325 > iR
Pt s B R S B vkl BI64 TR ] ¥ 980 nmik £ T s e
KCaGd(PO,)2:XYD,1%Er#r {8 2.+ sk » F o587 @ § BT

Erk i 5 190 - S F YD 33 R B3 B - B nsbif 55 B 4 HE2 H % o
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41 —— Yb 80%,Er1%

Intensity (a.u.)

400 S(I)O 6(I)0 7(IJO 800
Wavelemgth (nm)

Bl 64 12 980 nm 4z b ks KCaGd(POL),xYh,Er #718 e % 23
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AT R6AK AT 1 EYDTUER L 80%FF o F B ind KR
F] gt S i -KCaGd(PO,),:80% Y, 1%Er§ k5 2 8 A 3 M H R A
WY i (PMMA) > iz B L10e BR £355 18 > @& * fe iR p ? o
2400mesh » 217 erR 4 5 0.25Paik it » #-¥ ki k F3 X BT % h

TG oo pbra o LBRIF - TS EHRS

\I’It
ik
*=
=
~
=
o))
(0]
1T,
_{‘
=y
o

RPN (S0 B> B 150 C A s BRI E R
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|
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Fonward voltage [W] Class
B
Please click on die diagramm to close the detailed view
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Flease click on die diagramm to close the detailed view
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Pk BRI R H -V R AL B R

Messung
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3
Please click on die diagramm to close the detailed view
FEED NN LR 5 S S Eay K=
Bl 68 R % i % ki m s fFa s -V Mk
Mezsung
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06241 [VlUoe
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E
< 400
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0502 [Allrev2
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Flease click on die diagramm to cloze the detailed view
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At vt B RI68E RO kAo 0 s B T4 % 15 KCaGd(POy),:

-

80%YDb,1%Hoz2 {4 » H # 4 s d 16.11%8 = % 16.70% > H Isc iz d
7.9874ARE ! % 8.3227 A > Anig g % 0.59+0.01% o

SEFRARE L 5 P RS Hoekd T #Y - LaMoOq:
Yb¥ R¥* (R = Er, HO)¥ k#5 (£ B 4.4.15) 5 5 o FERY cnfl 4 v & 45 2
T B 3.7%10 F e T,%‘P\ T hF3 -0 H- o R AKCaGd(PO,) ;
FAPLE T A R AP L T La,M0,0g 1t B8 B M enBS JR s il o o100 b
Fome R O BMBEBAEAHRFELETEIER S T A
TS R R A B 4 e L B R E R

2. %I o

ASFhRERGF B T4 B RFRIAAES
2 A4
R EBRERET o AH AT e AR ¥ kR s
KCaGd(PO4)2:50%EU> #% = % FB it § 4 d4k»a 2% B it » Fpt AFT
7 i # 11 KCaGd(PO,):50%EU % it f T 30 E » A i pif e fRon sk &
Boehs BB cell o * KCaGd(PO,)»:50%EU %« 8 & 50 9 5% & #ic
o RPRIEHEETH > 245 A FHATEITL0F S B T 0 lsc g

2 T afEgis - F -
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%440 % 11 KCaGd(PO,),:50%Eu #% i < B T 3% #7ip| 19 Isc2? n2
y 12 2L D 3 = AN
TioE iR gL
Isc (A) Isc (A) Eff. (%) Eff. (%)
(before) (after) (Before) (After)

1 8.14 8.36 16.52 16.91

2 8.12 8.36 16.49 17.02

3 g.10 g.35 16.58 17.02

4 812 8.35 16.59 16.96

a g.12 §.36 16.51 16.97

53 8.09 8.34 16.51 16.94

7 8.1 8.36 16.56 17.04

8 8.12 8.36 16.51 16.96

9 8.10 g.40 16.52 16.91

10 g.13 §.36 16.60 17.00

1" 8.13 837 16.47 16.89

12 8.13 g.39 16.56 16.87

13 8.1 8.35 1657 17.00

14 .07 8.36 16.44 16.96

15 g.10 g.36 16.49 17.03

1B 8.1 8.34 16.52 17.07

17 g.09 §.34 16.49 17.09

18 8.1 8.31 16.47 17.02

19 8.14 g.32 16.54 17.00

20 g.049 g.32 16.54 16.99

21 8.10 g.32 16.58 16.96

22 g.06 §.31 16.50 17.011

23 8.08 8.36 16.50 17.06

24 8.13 g.35 16.57 16.96

25 8.05 8.34 16.47 17.01

26 8.04 g.35 16.51 17.04

27 g.06 g.36 16.587 17.03

28 8.07 8.34 16.42 17.07

29 g.10 g.36 16.54 17.08

30 8.12 833 16.56 17.07

kil g.09 8.31 16.40 17.00

32 8.1 832 16.46 17.01

33 8.1 8.34 16.44 17.04

34 g.12 §.35 16.58 17.08

35 8.10 8.34 16.52 17.01

36 g.10 0.34 16.46 16.96

37 8.03 8.36 16.51 17.04

38 8.04 g.35 16.56 16.97

39 g.06 §.36 16.57 17.03

40 8.10 8.34 16.53 16.98
Average 8.10 8.35 16.52 % 17.00 %
standard
deviation 0.0277 0.0194 0.0495 % 0.0517 %
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Panel : S636 by-S654-KRA-1

Type : 6x10
Panel no : 5

Serial no : #03

Date : 090827
Ref. cell type : Mono+th
Id. number : MTP 2012-2
Sensitivity 104.4 mV
Act. temp.: 26.7C
Result : 00 - Class A
Temp. = 250 C

Irrad.= 0.994 kW

Isc = 8.47 A

Voc = 2247 V

Eff. = 16.12 %

ER = 72.08 %

MPP = 137.143 W

V@mpp = 17.46 V

I@mpp = 7.85 A

I@vref= 7.85 A

P@vref=  137.143 W

Rser. = 0.390 Ohm

Rsht = 131.569 Ohm

Bl 71 d 36 % T itz B R ek T ST

Frnax= 3 867
Eff=16.1585%
Voc= 0 622Y
lsc= 5 097 A
Yom=0517Y
lpm=7 2454
FF=76.767%

El

Bl 72 ¢ #t5k2 H ¥ LayM0,OgYb,Er #% 5 = Heiv &% 5 2 £ § 4%

F

By
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Enhancing the Performance of Photovoltaic Cells by Using Down-Converting
KCaGd(PO,),:Eu’" Phosphors

Yen-Chi Chen, Woan-Yu Huang and Teng-Ming Chen”

Phosphors Research Laboratory and Department of Applied Chemistry, National Chiao Tung
University, Hsinchu 30010, Taiwan

Abstract : The goal of this work is aimed to improve the power conversion efficiency of single
crystalline silicon-based photovoltaic (PV) cells by using the solar spectral conversion principle,
which employs a down-converting phosphor to convert a high-energy ultraviolet photon to the less
energetic red-emitting photons to improve the spectral response of Si solar cells. In this study, the
surface of silicon solar cells was coated with a red-emitting KCaGd(PO,):Eu’" phosphor by using
the screen-printing technique. In addition to the investigation on the microstructure using SEM, we
have measured the short circuit current (Isc), open circuit voltage (Voc), and power conversion
efficiency () of spectral-conversion cells and compared with those of bare solar cells as a
reference. Preliminary experimental results revealed that in an optimized PV cell, an enhancement
0t 0.64+0.01% (from 16.03% to 16.67%) in A7 of a Si-based PV cell has been achieved.

Keywords: Solar cells; Down-converting phosphor; KCaGd(PO,),:Eu’"; Screen-printing

To face the challenge of global warming, =~ ABM(PO,), phosphates were reported to show
the development of green energy materials has wide applications in plasma displays and

been an important issue in materials research. mercury-free lamps; mainly, because the host
The photovoltaic (PV) cell is one of the devices of ABM(POy,), exhibits low phonon energy and
that can be used to generate sustainable energy; potential quantum-cutting property.!'*.,

therefore, many research attempts have been In this research, the effect of coating a

made to explore materials that are able to  down-conversion phosphor that is expected to
enhance the power conversion efficiency (7) of ~ form a radiation-sensitive surface on the
solar cells. The conversion efficiency from  silicon-based PV cells in attempt to increase the
light to electricity in a PV cell is highly ~ power conversion efficiency was investigated.
dependent on the wavelength (L) of incident Essentially, this deposited phosphor layer is
light, and the -\ relationship is characterized  suitable for absorption and emission in the
by the spectral response.' In general, the PV portion of solar spectrum and further benefits
cells are able to convert only a small portion  utilization of sun light, thus improving the
(i.e., longer wavelength domain) of solar nvalue of the PV cells. Furthermore, the
spectrum into electricity, with ultraviolet (UV) coated phosphor layer exhibits lower refractive

and infrared (IR) spectral domains wasted. index, which may serve as an antireflection
Attempts to improve the conversion efficiency layer in addition to solar spectral conversion.

of PV cells using spectral conversion technique We have screened and selected phosphors
by employing up- or down-conversion  such as KCaGd(POg),:Eu’" (KCGP:Eu™), with
phosphors have been well documented in the low phonon energy and lower refractive index
literature 7). than Si or SizNy that may be capable of

In recent years, a series of double converting more UV photons into photons with
phosphates, represented as ABM(PO4), (where longer wavelengths to induce a greater spectral
A = alkali metal, B = alkaline earth, M =Gd, Y response for a Si-based PV cell. This work is
or La) and isotypic with LaPO,, have been attempted to evaluate and examine the potential
reported® ¥, With appropriate doping, the applications of  the down-converting

KCaGd(PO4),:Eu’" in an attempt to improve
Foundation item: Supported by National Science Council of Taiwan under contract No NSC98-2113-M-009-005-
MY3. Corresponding author: Teng-Ming Chen (E-mail: tmchen@mail.nctu.edu.tw; Tel: +886-3-5731695)
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the efficiency of silicon-based PV cells. We
have utilized a screen-printing technique to
form a phosphor layers directly onto a
commercial Si PV cell to convert the UV
photons into those with wavelengths longer
than 500 nm. The dependence of photovoltaic
efficiency on the phosphor compositions,
photoluminescence (PL) and PL excitation
(PLE) spectra, and microstructure of the

phosphor layer were investigated and discussed.

1 Experimental

Stoichiometric ~ starting materials  of
(NH4)2HPO4, K2C03, EU203, SI'CO3, C3C03
(all analytic grade), and Gd>O3 (99.99% pure)
were mixed together with NH4ClI as a flux and
transferred to an alumina crucible; the materials
were then heat treated at 800°C for 6 h and at
1200°C for 6 h. In comparlson with the process
described by Zhang et all”, our synthesis
process takes only one-third of the time needed
to prepare KMGd(PO4), (M = Ca Sr). The
phase purity of KMGdA(PO,),:Eu*" phosphors
was checked by powder X-ray diffraction with
a Bruker AXS D8 advanced automatic
diffractometer with Cu Ka radiation and all of
reflections between 20 = 10° and 80° were
collected at room temperature.
Photoluminescence (PL) and PL excitation
(PLE) spectra were obtained using a Jobin
Yvon-Spex  FluoroLog-3  fluorophotometer
equipped with a 450 W Xe lamp as a light
source.

The fabrication of KCaGd(PO4),:Eu’"
(KGP:Eu*")-coated solar cells is summarized in
the flow diagram shown in Figure 1. Briefly,
the KCaGd(PO,),:Eu’” phosphor was well-
mixed with and dispersed in a composite

Phosphor powder was well mixed with
and dispersed in a composite PMMA
polymer binder

@ Screen printing
& Baking at 130°C. 10 min

Phosphor-coated PV cells with a
transluscent film with 3.4 um
thick was formed

Testing and
measurements

Phosphor-coated PV cells were tested
and IV curves, Voc, Isc, and / were
measured

Figure 1 Flow diagram for fabrication of phosphor-
coated Si solar cells.
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polymethylmethacrylate (PMMA) polymer
binder and the phosphor/binder mixture was
then screen-printed on top of the prestructured
Si3Ny reflective layer of a 6”x6” Si solar cell to
form a transluscent film with 3-4 pm in
thickness. The phosphor-coated solar cell was
then baked at about 130°C in the air for 10
minutes. The device structure of down-
converting KCaGd(PO,),:Eu’ phosphor-coated
solar cells is schematically shown in Figure 2.

I T T R ™

L

phosphor
«— SiN,

<«— N* doping

<«— P* doping

Figure 2 The devlce structure of down-converting
KCaGd(PO,),:Eu’" phosphor-coated solar cells.

Furthermore, the open-circuit voltage
(Voc), short-circuit current (I ), and power
conversion efficiency (77) of the phosphor-
coated solar cells were then measured using an
h.a.l.m IV curve tracer (cetisPV-CTL1) and a
Sun simulator (Xenon-Flasher cetisPV-XF2).

2 Results and discussion

The XRD pattems of KCaGd(POy):Eu®*
and KSrGd(PO,),: Eu’? samples shown in
Figures 3a and 3b, respectively, were found to
match well with those reported in JCPDS cards
34-0125 and 34-0118, respectively. Except for
slight differences in the cell parameters of the
unit cell, KCaGd(PO,), and KSrGd(PO,), have
the same crystal structure similar to
KCaNd(POy),, which is isostructural with
hexagonal LaPO4.

—— KCaGd(PO4)2:Eu
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L
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Figure 3 Indexed XRD patterns of (a) KCaGd(PO,),:Eu
and (b) KSrGd(PO,),:Eu™.

The KCaGd(PO4), host was found not to absorb
in the ultraviolet region. The KGP:Eu*
phosphor can be excited with 393 nm UV light



and produces orange-red emission peaking at
585 nm. The PLE spectrum of KGP.Eu'
phosphor shows absorption in the wavelength
domain of 260 to 530 nm and a maximal
emission in the wavelength domain of 580 to
700 nm, as indicated in Figure 4. Since the
silicon wafer shows poor absorption in the UV
spectral range, applying the KGP:Eu™ or
KSP:Eu'" phosphor as a radiation-sensitive
layer on the surface a PV cell would be
expected to increase the UV absorption and

thus enhance the efficiency of power
conversion.
151 |
2 = 585 1 | | o= 393 nm
=107 I
z [} |
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Figure 4 PLE and PL spectra of KCaGd(PO,), at room
temperature.

Figure 5 shows and compares the
reflectance spectra for bare, soley binder-
coated, and KGP:xEu™ (x = 5%, 10%, 30%,
50%, and 100%)-coated solar cells.

600
Wavelength (nm}

Figure 5 Comparison of reflectance spectra for bare and
KGP:Eu'"-coated solar cells. From top: bare cell,
binder+cell, and cells with 5%-, 10%-, 30%-, 50%, and
100% KGP:Eu® -coating.

Comparison of the reflectance spectra for
the bare, binder-coated, and phosphor-coated
cells indicates that the phosphor coating on the
surface of the Si wafer can effectively reduce
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reflection and increase light absorption. A
drastic reduction in the reflectance was
observed for the phosphor KCGP:100%Eu’*-
coated cell. In addition to the decrease in
reflectance, the observed Isc obtained from
KCGP:Eu" -coated solar cells was
simultaneously found to increase with phosphor
coating. Figure 6 presents the current-voltage
data for an optimized Si solar cells with and
without coating of KCGP:Eu™', respectively.
Data analysis indicates that KCGP:Eu®'-coated
solar cell has greater I due to the efficient
light conversion. That is, the I value was
found to increase from 7.9664 to 8.3058 A,
Voc increases from 0.6231 to 0.6247 V, and 1
was found to increase from 16.03% to 16.67%.
These data revealed that I, increases
significantly with Voc unchanged upon
phosphor coating.

0

7 |7966e @ 1=16.03%

o) \

o 06231 |
\.‘

Current (A)

83058  (b) 7=16.67%

7.00| N

i
2.00| ¢

e 0.624?\‘\

Forward Voltage (V)
Figure 6 Experimental current—voltage curves for a
representative Si solar cells: (a) without and (b) with
KGP:Eu" phosphor coating.

To further verify the experimental results
that coating of KCGP:Eu'" phosphor increases
the power conversion efficiency, we measured
the Isc, Voc, n, Alsc, AVoc and An for forty
solar cells coated with and without KCGP:Eu™"
phosphor. Table 1 summarizes the comparison
on the average values and standard deviations
of s, Voc, n, Alsc, AVoc, and An.

On the average, we have observed that
short-circuit current increases appreciably from
8.10 to 8.35A and the open-circuit voltage
varies  from  0.63115 to  0.63200V
insignificantly, respectively.



Table 1. Comparison of averaged Isc, Voc, 5, Alsc , AVoc, and Az obtained for forty solar
cells with and without coating of KCaGd(PO4)2:Eu3 * investigated in this work.

Isc( 1) Is&(z) AL, Vi ( 1 ) Vuc(z) AV, m J5 A n ( = 1]1)
Average 810 835 025 063115 063200 00085 1652%  17.00% 0.48 %
S‘a?d?rd 002 002 00010 0.0010 00495 00517
eviation

We have also observed that 7 increase for
0.48% from an average value 16.52% to
17.00%. To investigate the microstructure of
the phosphor-coated solar cell, we have
investigated the SEM micrographs of a screen-

printed KGP:Eu''-coated solar cell after baking.

Figures 7(a) and (b) show the top- and side-
view of the cell and the surface exhibits
granular feature inherited from phosphor
particles, whereas the radiation-sensitive layer
is estimated to be 3.4 pum in thickness, as
revealed in the side-view SEM micrograph.

’ - -
G el
2 3.4um

Figure 7 SEM micrographs of a KGP:Eu'"-coated Si
solar cell: (a) top view and (b) side view.

3 Conclusions

We have prepared a double phosphate
phosphor KCaGd(POy),:Fu’ and demonstrated
that the down-converting KCaGd(PO4)2:Eu3+
phosphor coated on the surface of a
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polycrystalline silicon solar cell can effectively
increase the values of Isc, Voc, and 1 of the
cell. The increase in 7 is about 0.48% on the
average, which corresponds to an increment of
from 16.52% to 17.00%. However, in an
optimized case, we have observed an increase
in 77 from 16.03% to 16.67%, which
corresponds to an increase of 0.64%. Coating
orange red-emitting down-converting
phosphors by screen printing technique on the
surface of conventional solar devices is
effective in enhancing the # value and has been
demonstrated in this research. The coated
phosphor forms not only a spectral conversion
layer for one part of the solar spectrum but also
serves a low reflective layer for a different part
of the solar spectrum. The PMMA may provide
a transparent matrix for phosphor coating.
Further work to improve the power conversion
efficiency and select more efficient phosphors
for solar application is currently in progress.
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Improvement of Conversion Efficiency of Silicon Solar Cells using Up-conversion
Molybdate La,Mo,04:Yb,R (R = Er, Ho) Phosphors

Yen-Chi Chen and Teng-Ming Chen”

Phosphors Research Laboratory and Department of Applied Chemistry, National Chiao Tung

University, Hsinchu 30010, Taiwan

Abstract : The goal of this work is aimed to integrate the solar spectral up-conversion principles
and predesigned device structures to enhance the conversion efficiency. The performance of up-
conversion phosphors is influenced by the host structure and the active ion concentration. In this
study, the surface of multicrystalline silicon solar cells was coated with an up-conversion
molybdate phosphor to improve the responsitivity of the solar cell in the near-infrared spectral
range. The short circuit current (Isc), open circuit voltage (Voc), and conversion efficiency (#) of
spectral conversion cells were measured. Preliminary experimental results revealed that the light
conversion efficiency of a 1.5-2.7% increase in Si-based cell has been achieved.

Keywords: up-conversion phosphors; LayMo-0o:Yb* " Er*” (H03_); solar cell

Over the past decade, it has been well
known that up-conversion (UC) phosphors emit
photons with a higher energy than that of
photons excited via a two- or more-photon
system. This process is based on the presence
of at least two metastable excited states that are
used to add up the energy of excitation photons,
which convert infrared (IR) or near-IR (NIR)
excitation into visible (VIS) luminescence. The
materials used for upconversion typically
include trivalent rare-earth sensitizer (e.g., Yb™
and Er’") and activator (e.g., Er'", Ho™, Pr'”,
and Tm®") ions, which act together in a multi-
photon process [1]. UC phosphors have been
extensively studied due to their applicability in
various areas [2,3]. UC is also one of the
approaches in the framework of the so-called
third generation photovoltaics, first proposed
by Green in 2002 [4]. Detailed balance
calculations have shown that application of an
up-converter increases the efficiency limit of
silicon solar cells from 31% to 37.4% [4.5].
Because low-energy photons are transmitted
through silicon solar cells, the up-converter
should be placed on the rear of spectral
conversion solar cells. If the conversion of two
incident infrared photons into one visible
photon is realized, then the energy loss due to
thermalization of the electron-hole pairs could
be effectively minimized.

Because the relationship between the
conversion efficiency and wavelength is often
characterized by the spectral response [6], our
research evaluates and examines the potential
applications of two up-converters
La>:Mo0:0y:Yb.R (R = Er, Ho) in improving the
conversion efficiency of polycrystalline solar
cells. The crystal structure of La;Mo:0y,
reported to be a new fast ion-conductor, was
studied by Goutenoire et al. [7] and found that
La and Mo cations alternate to form a lattice of
distorted parallelepipeds and define buckled
La-Mo-O planes perpendicular to the three axes.

From the first claims of their performance
as a solid electrolyte [7.,8], spectral conversion
photovoltaic cells consisting of
La;M0,09:Yb,R  phosphor-coated  silicon
wafers, which convert photons into electricity
with an efficiency dependent on the wavelength,
were fabricated by using the screen-printing
technique. In this study, UC phosphor layers
were deposited directly onto Si photovoltaic
cells to convert the photons with 980 nm in
wavelength to those with wavelengths longer
than 500 nm. The dependence of photovoltaic
efficiency on the phosphor quantum efficiency,
photoluminescence (PL) and PL excitation
(PLE) spectra were then demonstrated and
discussed

Foundation item: Supported by National Science Council of Taiwan under contract No NSC98-2113-M-009-005-MY3.
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1 Experimental

The two  molybdate  up-converters
La;Mo0,09:Yb,R (R = Er, Ho) were prepared by
a two step method. A mixture of La>03, MoOs,
Yb,0;, and R-O; in the stoichiometric
composition of  (l-x-y):2:x:y with x = 0.09
and y =0.01 was dissolved in aqueous solution
of 5% HCl and a light yellow powder precursor
was obtained after drying. The obtained
yellowish powder was then ground and well
mixed with an agate mortar and then placed in
an alumina crucible, which was heated at 900
°C for 8 h, and then cooled slowly. Several
regrindings and heatings were necessary to
obtain a white compound with high purity.
La;Mo0,04:Yb,Ho was labeled sample No. 1
and La;Mo0:0y:Yb.Er samples were labeled as
samples No. 2-4. Each of the four samples was
mixed with PMMA polymer binder in a ration
of 1:10 in weight % and then coated on a 67x6”
polyerystalline Si solar cell for measurements .

The phase purity of the La:Mo0,Oq:Yb.R
phosphors was then checked by X-ray powder
diffraction (XRD) analysis using a Bruker AXS
D8 advanced automatic diffractometer with Cu
Ko radiation. PL spectra were obtained by
using a Jobin  Yvon-Spex  Fluolog-3
fluorophotometer equipped with light coming
from a 450 W Xe lamp. We also used a 1 Watt
980-nm laser diode to characterize the
molybdate phosphors and the measurements of
short circuit current (Isc), open circuit voltage
(Voc), and conversion efficiency () were
obtained using an h.alm IV curve tracer
(cetisPV-CTLI1) and a Sun simulator (Xenon-
Flasher cetisPV-XF2). The fabrication of
La;Mo0,04:Yb,R (R = Er, Ho)-coated solar cells

1s represented the flow diagram shown in Fig. 1.

UC Phosphor powder was well mixed
with and dispersed in a composite
PMMA polymer binder

Screen printing

& Baking at 130°C, 10 min

UC Phosphor-coated PV cells with a
transluscent film with 1 mm in
thickness was formed

Testing and
measurements

UC Phosphor-coated PV cells were
tested and IV curves, Voc, Isc, and 7
were measured

Figure | Flow diagram for fabrication of phosphor-

coated polycrystalline Si solar cells.

90

To imvestigate the effect of photovoltaic
device structure on the conversion efficiency,
we have fabricated two types of phosphor-
coated solar cells, namely, the one with
phosphor coated on front-side (samples No.1-3)
and the one with La;Mo0,09:Yb.Er coated on
the rear surface of the Si cell (sample No.4).
The phosphor used in sample No. 1 is
La;:Mo:0y:Yb,Ho and that used for samples
Nos. 2 and 3 is La;Mo0;0y. Yb,Er. Briefly, the
La;Mo0,04:Yb,R phosphors were well-mixed
with and dispersed in a composite polymethyl
methacrylate (PMMA) polymer binder and the
following baking temperature was about 130°C
for 10 minutes. A translucent phosphor film
with a thickness of about few um was then
formed on the surface. The structure of the
devices that we used is shown in Fig. 2.

(a)

/ uP229

SiNy
«— N'doping

<+— P~ doping

+— SiNy
«— N*doping

Figure 2 Solar cell with up-converter coated on (a) front
side (samples No 1-No 3) and (b) rear side (sample No. 4)
of a polyerystalline Si solar cell

+— P*doping
«— UP229

2 Results and discussion

Figure 3 shows the XRD patterns for as-
prepared La;Mo0>0y:Yb,R (R = Er or Ho) UC
phosphors, and both the diffraction angle (20)
and peak intensity are consistent with that
reported in ICDS file No. 98459. The XRD
analysis indicates that the structure of
La:Mo-0g host lattice was retamed upon
codoping of Yb'' and Er'’ or Yb' and Ho'',
respectively, and no X-ray detectable impurity
was found in the UC phosphor samples.

The processes of near-IR pumping and UC
emission were represented in the energy level
diagrams of Yb*", Er'” and Ho"" ions, as shown
in Fig. 4, for explaining the green and orange
emissions obtained through up-conversion,



respectively, from La,Mo,0s:YbEr and
La;Mo0>09:Yb,Ho phosphors prepared in the
solid state system under infrared excitation (h
=980 nm).
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Figure 3 X-ray diffraction patterns for La;Mo,O,,
La;Mo0,0,:Yb,Er, and La;Mo,0,:Yb.Ho phosphors
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Figure 4 Upconversion processes of Yb' -sensitized Er’”

P o ;
(or Ho™") in La;Mo,09:YDb,R and a schematic illustration
of excitation and emission.

By codoping the system with Yb'" ions,
the intensity of Ho'" and Er'" emission was
found to increase, as shown in Fig. 5. The
structure consisting of La,Mo0,Oq:Yb,Er with
980-nm laser excitation could emit a yellow-
green light, as we observed emissions peaking
at 525, 550, and 655 nm, respectively. However,
when we co-dope the La;Mo,04 structure with
the 1on pair of Yb and Ho, we found a series of
emissions peaking at 548 and 657 nm (red).
The energy level structure shown in Fig. 4
matches these observed energy levels.
Therefore, the emitted light could be used by a
silicon-based solar cell.

Following this process, we obtained useful
data to corroborate our conceptualization. UC
Phosphors coated on solar cells were found to
enhance electric current and efficiency.
Upconversion from near-IR to visible occurs
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when materials are photoexcited at a long
wavelength but produce photoemission at a
short wavelength. We investigated the
feasibility and application of rare earth-doped
up-converting phosphors as potential materials
for increasing the sub-bandgap NIR spectral
response of silicon solar devices.
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Figure 5 Up-conversion PL spectra for (a) green
enussion of La;Mo,Oq:Yb,Er and (b) orange emussion of
LasMo,0,:Yb,Ho under infrared excitation at 980 nm

Fig. 6 shows reflectance spectra for a bare
cell and a cell coated with Lax:Mo0,0:Yb,Er UC
phosphor. A comparison of the spectra
indicates that the phosphor-coated silicon
surface can reduce reflection and enhance light
absorption. A drastic reduction of reflectance
was observed in the «cell coated with
La;M0:0y:Yb,Er phosphor. The reflectance
spectra show that the bare cell has a higher
Y%reflectance than UC phosphor-coated cells,

Bare cel
phosphor on cell

304

Use NIS T standard a5 reference to test§i-cell
absolute mflectiondata

254

20 4

Reflection (%)

Py "
300 400 500 600 700 800 900
Wavelength (nm)

Figure 6 Comparison between the reflectance spectra of
bare cell and cell coated with UC phosphor
(La;Mo,0g:YDb,Er).

especially for the wavelength between 200 nm
to 600 nm. Therefore, the UC phosphor could
reduce light scattering and increase light input.
The UC phosphor coating on a Si cell device



could increase Isc and efficiency (y) by
increasing the visible light input.

Table 1 summarizes and compares the Isc,
Voc and # for bare and UC phosphor-coated
solar cells investigated in this research. The
values of Isc, Voc, and # (with accuracy of *
0.01%) were found to increase by coating the
UC phosphor La;M0:,04:Yb.R (R = Er or Ho)
on the surface of the Si wafer, The increase in
efficiency for the three samples with
LasMo020y:Yb,R (R = Er or Ho) coated on the
Si wafer are the same. The fourth sample
showed an even higher efficiency only because
it was coated with the up-conversion phosphor
on the backside of the cells. These results may
indicate that the UC phosphor transforms IR to
visible green or red no differently, but when
phosphor is coated on the backside, the sample
exhibits higher increment in conversion
efficiency.

Table 1. Comparison of Ise, Voc, and 5 (£0.01%) for
bare and UC LaMo-0s:YbR (R = Er or Ho)
phosphor-coated solar cells. (No. 1: La;M0,0q:Yb,Ho
and No2 and 3: La;Mo,OsYbEr No4:
La,Mo,04:Yb,Er coated on the rear surface of the Si
cell)

Isc Isc Alse n n ] Ay
(bare)  (coated) (bare)  (coated) (increase)
1 805 8.18 0.13 1653 16.78 0.25(+1.50%)
2 804 8.19 0.15 1652 16.81 0.29(+1.76%)
3 8.06 8.21 0.15 16.53 16.80 0.27(+1.63%)
4 8.13 8.31 0.18 16.23 16.67 0.44(+2.71%)

"Phosphor coated on front-side (No.1-3) and back-side
(No.4) of cells.

3 Conclusions

We have demonstrated that up-conversion
(UC) phosphors coated on the surface of a
polycrystalline silicon solar cell can effectively
increase the photovoltaic Isc, Voc, and
conversion efficiency (n). The increase in
conversion efficiency is about <3%, which was
mainly attributed to the low upconversion
efficiency of existing up-converters whose
performance is limited by both the absorption
range and conversion efficiency. However,
coating UC phosphors by screen printing
technique on the surface of conventional solar
devices is a feasible method and has been
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proven to enhance the efficiency for 1.50-
2.71% 1n this research, depending on solar cells
with different structures. Further work to
improve the conversion efficiency and
optimizing the appropriate phosphors are
currently in progress.
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An Eu'-activated SrgMgSc(PO4);:Eu’ vellow-emitting phosphor with strong luminescence was
synthesized and its crystal structure has been refined and determined from the XRD profiles using

synchrotron light source by Rietveld refinement method. Non-radiative transitions between Eu** ions
n the SrgMgSc(PO,); host have also been demonstrated to be attributable to dipole dipole
interactions, and the critical distance was estimated to be 24.83 A by using spectral overlap methods. In
addition, white-light near-UV LEDs were fabricated by using a phosphor blend of composition-
optimized yellow-emitting SrgMgSc(POy)-:0.01 Eu** and blue-emitting BaMgAl 40, 7:Eu®* commodity
pumped with a 400 nm near-UV chip and the R value and reduced color temperature of were found to
be 96.7 and 5.614 K, respectively. These results indicate that yellow-emitting SrgMgSe(POy);:xEu®" can

serve as a promising candidate for application in white-light LE

1 Introduction

Nowadays, the majority of white light emitting diodes (white-
LEDs) uses a combination of a blue InGaN chip and yellow-
emitting Y3Als05:Ce™ (YAG : Ce'*) phosphor.' They are also
characterized by cool white color temperatures, ¢.g., correlated
color temperature (CCT) = 7756 K, and poor color rendering
indices (CRI, Ra), e.g.. Ra = 757 and the lack of red-light
contribution also obstructs its extension for more vivid appli-
cation.® In recent years, trichromatic ultraviolet LEDs (UV-
LEDs, 360380 nm) or near ultraviolet LEDs (near-UV LEDs,
380-420 nm) have elicited interest since they can potentially
provide improved color temperatures and Re's in comparison
with white-LEDs. This is because of their high color-rendering
properties*® and also because their color temperatures can be
tuned by changing the R/G/B or Y/B ratios. The trichromatic
phosphors of UV-excitable or near-UV excitable have been
elucidated and investigated for many hosts. According to Chiu

et al.® a near-UV LED chip combining trichromatic red-emitting
CaAlSiN3:Eu*', green-emitting (Ba,Sr)»Si04:Eu*", and blue-
emitting Ca>,PO4CLEu* phosphors provides a relatively high
CRI of Ra = 93.4 and low CCT of 4590 K. Kim er al.” reported
that Ba:MgSi,Og:Eu** ,Mn** can be used as a phosphor for
fabrication of a warm white-LED. They concluded that with
optimal excitation wavelength at 375 nm Ba;MgSi>Og:Eu”* Mn™
was observed to show three emission bands centered at 440 nm,
505 nm (the emission bands are attributed to 434 transition of’

“Phosphors Research Laboratory and Department of Applicd Chemistry,
National Chiao Tung University, Hsinchu, 30010, RO.C
E-mail: imchen@mail netuedu.ow; Tel: +886-35731695

" National Synchrotron Radiation Research Center, Hsinchu Science Park,

Hsinchu, 30076, Tahvan, R.O.C.

Taivwan,

Ds.

Eu’" ion substituted by Ba® (I) site and Ba®" (11, I1I) sites), and
620 nm (this emission band originates from the “T-°A transition
of Mn>* ion). Tuning the relative composition of Eu**/Mn** ions
in Ba;MgSi>Og host lattice, various shades of white light can be
generated. Similar type of white light was also observed by Guo
et al® in the Ba>Ca(BO3)»:Ce™ Mn™" phosphor. The Ba,Ca
(BO3)>:Ce™* Mn**  phosphor  shows three emission bands
centered at 420 nm and 480 nm (attributed to the Ce** ions
occupying two different Ba** ion sites) and 625 nm was assigned
to the emission of Mn?*. The emission color-tunable white light
can be realized by coupling the emission bands centered at
420, 480 and 625 nm ascribed to the contribution from Ce*(1),
Ce™(2) and Mn™ with CIE chromaticity coordinates of (0.23,
0.33)~(0.40, 0.29), CCT of 13,588 1,991 K and Ra of 55-95.

To the best of our knowledge. the erystal structure and lumi-
nescence properties of SrgMgSc(POy)7:xEu*" have not been
reported in the literature. In this study, we have firstly demon-
strated the crystal structure of a yvellow-emitting SrgMgSc(POy)4:
xEu®" phosphor. In addition, white-light near-UV LEDs
possessing an excellent Ra value have been fabricated using the
SrgMgSc(POy4)7:0.01Eu’ phosphor and their optical properties
have been investigated.

2 Experimental

2.1 Materials and synthesis

Polycrystalline phosphors with compositions of (Sry_.Eu,)sMgSc
(PO4)7:xEu* (SMSP:xEu’*) were prepared from a mixture of
SrCO; (AL R.. 99.9%), MgO (A. R.. 99%), Sc-05 (A. R., 99.99%),
(NH4)-HPO, (Merck = 99%). and Eu,O5 (A. R.. 99.99%) in
a stoichiometric composition of (8-8x):1:1/2:7:4x by

This journal is © The Royal Society of Chemistry 2011
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high-temperature solid-state reaction method. The starting
materials were thoroughly ground in an agate mortar, and the
homogeneous mixture was transferred to an alumina crucible
and calcined in a furnace at 1473-1573 K for 8 h under a reducing
atmosphere of 15% H>/85% N,.

2.2 Materials characterization

The crystal structure of the as-synthesized samples was refined
and determined by using synchrotron XRD profiles with
0.774908 A. recorded with a large Debye-Scherrer camera
installed at beam line 01C2 of National Synchrotron Radiation
Research Center (NSRRC) in Hsinchu, Taiwan: the GSAS
program’ was used for the structural refinements. The diffuse
reflectance (DR) spectra were measured with a Hitachi 3010
double-beam UV-Vis spectrometer (Hitachi Co., Tokyo, Japan).

The photoluminescence (PL) and PL excitation (PLE) spectra of

the samples were analyzed by using a Spex Fluorolog-3 Spec-
trofluorometer equipped with a 450-W Xe light source. The
Commission International de I'Eclairage (CIE) chromaticity
coordinates for all samples were measured by a Laiko DT-101
color analyzer equipped with a CCD detector (Laiko Co.,
Tokyo. Japan).

3 Results and discussion

3.1 Crystal structure of SrgMgSc(POy);:0.05Eu**

Fig. 1 shows the observed (crosses), calculated (solid line), and
difference (bottom) synchrotron XRD profiles for the Rietveld
refinement  of  Sr; sMgSc(PO4)7:0.05Eu**  (SMSP:0.05Eu*")
phosphor at 7= 295 K and with 4 = 0.774908 A. These results
indicate that when doped with 0.05 mol Eu**per mol Sr**, the
SMSP host almost a single-phase structure. There are a negligible
amount of impurities at 2-theta 14.25 and 22.04 site, ie.,
Sr3(PO,)>. SMSP:0.05Eu** crystallizes in a monoclinic unit cell
with space group 12/a and lattice constants ¢ = 18.0115(25) A,
b = 10.6006(18) A, ¢ = 18.3659(34) A, B = 132.976(5)", and cell

8t
e ’ ® ‘
¢ &
~ 6} % "., P P
= et vl ’.'
5 4 * Sr,(PO,). ". v
Ew EAU
7]
=
82
=
—
0 LU UL L
L L L L
10 15 20 25 30 35 40 45 50 55
Scattering angle 26 (deg.)
Fig. 1 Observed (crosses). calculated (solid line). and difference

(bottom) synchrotron XRD profiles for the Rietveld refinement of
SrgMgSc(PO4)7:0.05Eu** at 295 K with 2 = 0.774908 A. Bragg reflections
are indicated with tick marks.

volume = 2565.6(8) A*. The refinement finally converged to R, =
3.94%, Ry, = 7.86% and x* = 5.15 is shown in Table 1. The Sr**
ions have five different coordination numbers. Sr(1) is defined as
being eight-coordinated: Sr(2), Sr(3), and Sr(4) are defined as
being nine-coordinated: and Sr(5) is defined as being ten-coor-
dinated. The ionic radii for eight-, nine-, and ten-coordinated
Sr**are 1.26, 1.31, and 1.36 A, respectively. However, the ionic
radii for eight-, nine-, and ten-coordinated Eu** are 1.25, 1.3, and
1.35 A, respectively. On account of the matching of ionic radii,
the Eu®* ions are expected to randomly occupy the Sr** ions
sites in the SrgMgSc(POy); host.

3.2 Photoluminescence properties of SrgMgSc(PO.y)7:Eu**

Fig. 2 shows the concentration dependence of the relative PLE
and PL intensity of SMSP:xEu** (x = 0.003-0.05) phosphors.
Under 400 nm excitation, the SMSP:xEu’* phosphors emit
yellow light in the form of two broad emission bands centered at
518 and 600 nm, respectively: these bands can be attributed to the
typical 4f °5d" — 4f 7 transition of Eu** ions. By Gaussian
deconvolution, the PL spectra of SMSP:0.05Eu** phosphors can
be decomposed into five Gaussian profiles with peaks centered at
501, 529, 568, 606 and 665 nm (Fig. 2(b), wine dashed lines),
respectively, that can be ascribed to five different emission sites
and it can also be identified by the refinement results that five Sr**
sites are occupied by Eu’ ions.'™' The emission
intensity increases with the Eu** content x, when x < 0.01. For
SMSP:xEu’" phosphors. the emission intensity was the opti-
mized composition at x = 0.01; since the Eu®* doping concen-
tration was >0.01 mol, concentration quenching was observed
and the emission intensity was found to decrease. The PLE
spectrum shows a broad absorption from 240 to 480 nm, which
corresponds to the 4f 7 — 4f °5d" transition of Eu®* ions. The
excitation edge shifts toward a longer wavelength as the Eu®*
doping concentration increases. Therefore, the broad absorption
band matches well with the emission of near-UV chips; thus,
SMSP:xEu’* phosphors can be combined with near-UV chips for
white-light near-UV LED applications.

Upon excitation at a wavelength of 400 nm, the internal
quantum efficiencies of composition-optimized SMSP:0.01Eu**

Table 1 Rictveld refinement and crystal data of SrgMgSc(POy);:
0.05Eu** phosphors

Formula (Srg95Eug 05)sMgSc(POy);
Radiation type 0.774908
20 range (deg.) 10-55

T/K 295
Formula weight 1460.855
Symmetry Monoclinic
Space group 12/a

alA 18.0115(25)
bIA 10.6006(18)
/A 18.3659(34)
B (deg.) 132.976(5)
Y (deg.) 90
Volume/A* 2565.6(8)
z 4

R, 3.94%

R, 7.86%

¥? 5.15
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Fig. 2 Concentration dependence of relative PLE and PL intensity of
SrgMgSc(POg):xEw' (x = 0.003-0.05) under 400 nm excitation.

and commercial (Sr,Ba),SiO4:Eu" (570 nm) phosphor were
found to be 30.5% and 91.2%, and absorption are 68.2% and
80.2%. The external quantum efficiency of SMSP:0.01Eu*" and
(Sr.Ba)>Si04:Eu** (570 nm) phosphor are determined to be
20.8% and 73.1%, respectively. However, quantum efficiencies of
SMSP:0.01Eu*" is 28.5% of that of (Sr,Ba),SiO4:Eu*" (570 nm)
phosphor. The lower quantum efficiencies of SMSP:0.01Eu**
could be further enhanced by process optimization.

The decay curves of SMSP:0.01 Eu** phosphors were measured
and represented as shown in Fig. 3. The corresponding lumi-
nescence decay times can be best fitted with a second-order
exponential equation: I = Aexp(—t/t) + Asexp(—t/t2), where /
is the luminescence intensity, 4, and A4, are constants, 7 is the
time, 1) and 1, are rapid and slow lifetimes for exponential
components, respectively. The decay lifetime values of 1, and 1,
were calculated to be 146.6 and 637.7 ns [monitored at 518 nm,
Fig.3(a)]. and 165.2 and 656.5 ns [monitored at 600 nm, Fig.3(b)].
The average decay times (t*) can be determined by the formula
given in the following:"

(a) Monitored at 518 nm
—0o— Exponential

Fitting

I = A exp(-ti, )+A exp(-tit,)
1,=146.6 ns

1,=637.7 ns

1 1 1 1 1 1
Monitored at 600 nm
-o— Exponential
Fitting
I = A exp(-tit,)+A exp(-tit,)
1,=165.2 ns
=656.5 ns

Normalized intensity (a.u.)

u
|
Q

00 05 L0 15 20 25 3.0
Time (ps)

T,

Fig. 3 Decay curves of Eu®* emission in SrgMgSc(PO,)7:0.01 Eu**
phosphor monitored at (a) 518 nm and (b) 600 nm.

(t*) = (A1 + AD)( A1) + Aa12) (1)

The average decay times (t¥) were calculated to be 598 ns
(monitored at 518 nm) and 615 ns (monitored at 600 nm). This
results indicates that the Eu* ions are occupy the two different
Sr** ions coordination environment in the SrsMgSc(PO,); host.”

Fig. 4 shows the PL and PLE spectra as functions of the Eu**
concentration (x) for SMSP:xEu®" (x = 0.003-0.05) phosphors.
The optimal doping concentration was observed to be x = 0.01
mol. However, according to the Dexter theory, the non-radiative
transitions between Eu' ions took place via electric multipolar
interactions.' The mechanism of interaction between Eu** ions
can be expressed by the following equation:'s

I k
X 1+8(x)"°

where 7 is the activator concentration; k and g are constants for
each interaction for a given host lattice; and # = 6, 8, and 10
corresponds to dipole-dipole, dipole quadrupole, and quadru-
pole quadrupole interactions, respectively. The relationships of
log(xEu™") versus log(I/xEu”") are shown in the inset of Fig. 4; in
this plot, the slope of the straight line equals —#/3. The value of ¢
was found to be ~6. The result indicates that non-radiative
transitions between Eu’" ions occur vig dipole dipole interac-
tions for the concentration quenching of Eu*' ions in the SMSP:
XEu™* host; The result was similar to those previously investi-
gated and observed in our group.'®

The critical distance R, between the Eu’* ions was calculated
using the concentration quenching method. R, can be calculated
using the relation given by Blasse'”

(2)

3V

1/3
4mx, N] &)

R, =2{
where }"is the volume of the unit cell, x, is the critical concen-
tration of the Eu® ion, and N is the number of Z ions in the unit
cell. For the SMSP crystal structure, the analytical and
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Fig. 4 PLintensity of SrsMgSc(POy)7:xEu®" as a function of Eu®* content.
The inset shows the relationships of log(xEu®*) versus log(//xEu*).
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experimental values were 1/ = 2565.6 A, Z = 4, and x,. = 0.08.
Therefore, R. was calculated to be 24.83 A.

3.3 Optical spectra of SrgMgSc(POy)7:xEu**

Fig. 5 shows the diffuse reflection (DR) spectra of the SMSP host
and SMSP:xEu’* phosphors. The SMSP host material shows
energy absorption in the =340 nm region. As Eu®" ions were
doped into SMSP host, a strong absorption in the range of 240
480 nm assigned to the 4f” — 4/°5d" absorption of Eu”* ions was
observed. The absorption range from 240 to 480 nm was
observed to be matched in the excitation spectrum. The
absorption edge gradually extends to longer wavelengths, and
the absorption is enhanced for higher Eu®* ion concentrations,
which results in a red shift of the excitation wavelength to
480 nm.

3.4 Thermal quenching of SrgMgSc(PO,)7:0.01Eu**

For the application of high power LEDs, the thermal stability of
phosphor is one of important issues. Temperature dependence of

relative emission intensities for SMSP:0.01Eu** and commercial
(Sr.Ba),SiO4:Eu** (570 nm) phosphors under 400 nm excitation
are compared in Fig. 6.

The relative emission intensity decreases with an increase in
temperature. We observed decays of 45.7% and 85.2% at 150 and
300 °C, respectively, for SMSP:0.01Eu’*, and decays of 49% and
95% for commercial (Sr,Ba)>SiO4:Eu** (570 nm) phosphors. The
inset displayed the activation energy (£,) of SMSP:0.01Eu** and
(Sr,Ba),SiO4:Eu** (570 nm) phosphors. The activation energy
(E,) can be expressed by:'"*

a

In (%) =InA4 — E

kgT

4

where 7, and 7 are luminescence intensity of phosphor at room
temperature and testing temperature (25-300 °C), respectively: 4
is constant; kg is Boltzmann constant, 8.617 x 10 ° ¢V K '. The
E, were obtained to be 0.1586 and 0.2687 ¢V for SMSP:0.01 Eu**
and (Sr.Ba),SiO4Eu* (570 nm) phosphors. Thus, the
SMSP:0.01Eu** phosphor shows higher thermal stability than

250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 5 Diffuse reflectance spectra of SrsMgSc(POy); and SrgMgSc
(PO,)7:xEu? (x = 0.003-0.05).

(B@Sr)zslol:Eu" Ea=0.2687 oV

00

80

SMSP:0.01Eu™ Ea =0.1586 oV

2
fk) .

6 18

20 2
1/T (x10
40

—m— SMSP:0.01Eu®

Relative intensity (a.u.)

w0}
—e— (Ba,S1),SI0,:EU®* (570N,
0F
0 50 100 150 200 250 300
Temperature (0 (8))

Fig. 6 Temperature dependence of relative emission intensity for
SrgMgSc(PO,)7:0.01Eu** and commercial (Sr,Ba),SiO4:Eu®* phosphors
under 400 nm excitation. The inset shows the activation energy (£,) of
SrsMgSc(PO4)7:0.01Eu** and (Sr,Ba),SiO4:Eu?* phosphors.

that of (Sr, Ba),SiO4:Eu** (570 nm) commodity. The results
demonstrated that SMSP:0.01Eu** phosphor could be a promi-
sing phosphor for high power LED application.

3.5 LED lamp fabrication and EL spectrum

Fig. 7 shows the Ra of the electroluminescent (EL) spectrum of
a white-LED lamp driven by a current of 350 mA. White-light
near-UV LED lamps were fabricated as follows. A mixture of
transparent silicon resin and phosphors (yellow-emitting
SMSP:0.01Eu" and blue-emitting BaMgAl;(O,7:Eu*" (BAM:
Eu**) commodity) was dropped onto a 400-nm near-UV chip and
roast at 120 °C/10 h afterwards. The EL spectrum clearly shows
a near-UV band at around 400 nm, a blue-emitting band corre-
sponding to BAM:Eu** phosphor at around 454 nm, and yellow-
emitting bands corresponding to the SMSP:0.01Eu** phosphors
at around 510 and 597 nm.
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3
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CCT=5614K
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Fig.7 EL spectrum of a white-LED lamp driven by a current of 350 mA.
The inset shows a photograph of an LED lamp package.
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Table 2 Full set of 14 CRIs and Ra of a 400 nm near-UV chip pumped with SMSP:0.01Eu** and BAM:Eu** phosphors

R1 R2 R3 R4 RS R6 R7 RS RY R10 RI11 R12 R13 R14 Ra
97.6 97.8 96.4 98.3 97.8 95.6 959 94.1 86.7 93.9 95.3 95.1 97.5 97.8 96.7
These results reveal that the CIE color coordinates are x = Acknowledgements

0.33 and y = 0.34 at a warm white light CCT of 5614 K. The full
set of 14 CRIs with the color rendering index Re = 96.7 is listed
in Table 2. The inset shows a photograph of the LED lamp
package under a forward bias of 350 mA and off. In comparison
with the blue InGaN chip pumped with YAG:Ce* phosphor
(Ra = 75, CCT = 7756 K),* the white-light near-UV LEDs
fabricated in this study show Ra = 96.69 and CCT = 5614 K.
Therefore, the SMSP:0.01Eu** phosphors show promise for
application tin white-light near-UV LEDs.

4 Conclusions

In summary, we have synthesized yellow-emitting SrgMgSc
(POy)7:xEu** phosphors by a solid-state reaction method and
investigated their luminescence properties as a function of the
activator (Eu™) concentration. We have successfully demon-
strated that SrgMgSc(POy)7:0.05Eu™ erystallized in a monoclinic
unit cell with space group 12/a. The non-radiative transitions
between Eu®* ions in the SrgMgSc(POy4); host have been
demonstrated as being attributable to dipole dipole interactions,
and the critical distance was estimated to be 24.83 A by using
spectral overlap methods. A warm white light LED with CCT =
5614 K, Ra = 96.7, and CIE = (0.33, 0.34) was fabricated using
yellow-emitting  SrgMgSc(PO4)7:0.01Eu®"  and  blue-emitting
BaMgAl40;7:Eu®* phosphors pumped by a 400 nm near-UV
chip. These results demonstrate that SrgMgSc(POy)s:xEu®"
phosphors have considerable potential for use in near-UV chips,
as compared to that [CCT = 7756 K, Ra = 75, CIE = (0.292,
0.325)] incorporating YAG:Ce™ and pumped by blue LED
chips.?

This research was supported by National Science Council of
Taiwan, R.O.C. under contract No. NSC98-2113-M-009-005-
MY3.
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In this study, green-emitting NayCaPO4F:Eu®* phosphors were synthesized by solid-state reactions. The
excitation spectra of the phosphors showed a broad hump between 250 and 450 nm; the spectra match well
with the near-ultraviolet (NUV) emission spectra of light-emitting diodes (LEDs). The emission spectrum
showed an intense broad emission band centered at 506 nm. White LEDs were fabricated by integrating a
390 nm NUV chip comprising blue-emitting BaMgAl,,0,,:Eu?*, green-emitting Na,CaPO,F:0.02 Eu**, and
red-emitting CaAISiN3:Eu?" phosphors into a single package; the white LEDs exhibited white light with a
correlated color temperature of 5540 K, a color-rendering index of 90.75, and color coordinates (0.332, 0.365)
close to those of ideal white light.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, white light-emitting diodes (LEDs) have been in
high demand for use in solid-state lighting technology applica-
tions [1]. At present, most white LEDs are fabricated by combining a
blue-emitting InGaN chip and yellow-emitting YsAls0;2:Ce> " gar-
net phosphor (YAG:Ce**) [2,3]. However, the disadvantages of this
method are a low color-rendering index (CRI, Ra=75) and a high
correlated color temperature (CCT=7756K) [4]; these disadvan-
tages can be attributed to the deficiency of red emission in the
visible spectrum [5,6]. A high CRI and low CCT of white LEDs are
required for general lighting applications. CRI and CCT properties
can be improved using trichromatic phosphor blends and UV or
near-UV (NUV) LEDs because near-UV or UV chip pumped trichro-
matic phosphors to white light provide great color stability and high
CRI and do not suffer from the strong change in chromaticity |7].
According to Chiu et al. [8], an NUV LED chip combining trichro-
matic red-emitting CaAlSiNs:Eu?", green-emitting (Ba,Sr),SiO4:
Eu?*, and blue-emitting CasPO4Cl:Eu®>" phosphors provides a
relatively high CRI of Ra=93.4 and low CCT of 4590 K.

To the best of our knowledge, there have been no reports yet
on the luminescence properties of Eu?*-activated Na;CaPO4F. In
this paper, we report on the luminescence properties, thermal
stability, and applications of NUV LEDs using green-emitting
Na,CaPO4F:Eu?* phosphors. In addition, we fabricated white
NUV LEDs and examined their optical properties.

* Corresponding author. Tel.: +886-3-5731695; fax: +886-3-5723764.
E-mail address: tmchen@mail.nctu.edu.tw (T.-M. Chen).

0022-2313/$ -see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jlumin.2011.02.034

2. Experimental

Green-emitting Na,CaPO,F:Eu®* phosphors were synthesized by
carrying out solid-state reactions at high temperature. As our
starting materials, Na>CO3 (ACROS, 99.95%), NaF (MERK, 99.99%),
CaCOs3 (ALDRICH, 99.9%), (NH4)>HPO4 (MERK, >99%), and Eu»03
(ALDRICH, 99.99%) were employed within a stoichiometric molar
ratio of 1/2:1.2:1-x:1:x/2. After these powders were blended
together and ground thoroughly in an agate mortar, the homoge-
neous mixture was placed into an alumina crucible and calcined in a
muffle furnace at 800 “C for 8 h under a reducing atmosphere of 40%
H, in an alumina boat, with excess 20 mol% NaF used as a flux.

The crystal structures of the as-synthesized samples were
identified through powder X-ray diffraction (XRD) analysis using a
Bruker AXS D8 advanced automatic diffractometer with Cu Ko
radiation. The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra of the samples were measured using a Spex
Fluorolog-3 spectrofluorometer equipped with a 450-W Xe light
source. The diffuse reflectance (DR) spectra were measured using a
Hitachi 3010 double-beam UV-vis spectrometer (Hitachi Co., Tokyo,
Japan). The Commission International de I'Eclairage (CIE) chromati-
city coordinates for all samples were measured using a Laiko DT-101
color analyzer equipped with a CCD detector (Laiko Co., Tokyo,
Japan) and variable temperature PL spectra were measured using a
Spex FluoroMax-3 spectrophotometer from Jobin-Yvon.

3. Results and discussion

A NazCaPO4F compound has a rhombohedral crystal structure
with a space group of R3m, and lattice parameters of

98
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a=7.0179(7) A, c=40.56(4) A, V=1730.21(1) A%, and Z=15. The
Ca atom occupies five independent sites on the m plane with
coordination number 6 (Cal, Ca3, Cad, Ca5) and coordination
number 7 (Ca2). Each Ca cation has four (five for M2) oxygen and
two fluorine ligands. The five independent P atoms are in 3a
positions with 3m symmetry [9]. The ionic radii for six- and
seven-coordinated Eu?* are 1.17 and 1.2 A; however, the ionic
radii for six- and seven-coordinated Ca®* cations are 1.0 and
1.06 A, respectively. Therefore, based on a comparison of the
effective ionic radii of cations with different coordination num-
bers, we have proposed that Eu?>* randomly occupies the Ca?*
sites in the Na,CaPO,4F host structure. The powder XRD patterns
of Na,CaPO,F and Na,CaPO4F:Eu?* phosphors are shown in Fig. 1.
The purity of each phase of the as-prepared phosphors was
analyzed using 1CSD:56962 [10] as a reference, indicating that
neither the host nor the doped Eu?* ions caused any observable
changes in the Na>CaPO4F host structure, which is shown in the
inset of Fig. 1.

The concentration dependence of the relative PL/PLE intensity
of NayCaPO4F:xEu?" (x=0.001-0.05) under 390 nm excitation is
demonstrated in Fig. 2. The PL spectrum exhibited a green broad
emission band from 400 to 700 nm, centered at 506 nm, which
was attributed to 4f°5d' -4’ of the Eu®* ion [11]. The PLE

Na,CaPO F:0.05Eu*

&

S

=

=

S |

£ ]
| Na,CaPO,F
] I ‘ ‘ ICSD:56962

S R O R
10 20 30 40 50 60 70 80
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Fig. 1. Powder XRD patterns for Na,CaPO4F and Na,CaPO4F:Eu** phesphors.
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Fig. 2. Concentration dependence of relative PL/PLE intensity of Na,CaPO,F:xEu®*
(x=0.001-0.05) under 390 nm excitation.
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Fig. 3. Reflectance spectra of NayCaPO4F host and Na,CaPO4F:0.02Eu®* phosphor,
and PL/PLE spectra of Na,CaPO4F:0.02Eu®*. The inset shows Na,CaPO,4F:0.02Eu**
phosphor irradiated under a 365 nm UV lamp box.

spectrum showed broad absorption bands between 250 and
450 nm, which are attributed to the 4{”—4f%5d! transition of
the Eu®* ions [12], and is well-matched with the emission from
an NUV LED. The optimal concentration of the Eu?*-doped
content was found to be 0.02mol, and the PL intensity was
observed to increase when x is increased up to x < 0.02 mol.
Quenching was observed for samples with concentrations of
Eu?*-doped content higher than 0.02 mol, and the PL intensity
was found to decrease with an increase in Eu?*-doped content.

Fig. 3 shows the reflectance spectra of the Na,CaPO4F host and
Na,CaPO4F:0.02Eu®* phosphor, along with the PL/PLE spectra of
Na,CaPO4F:0.02Eu®*. The reflection spectra for Na,CaPO4F and
Na,CaPO4F:0.02Eu* differ. The Na,CaPO,F host material demon-
strates energy absorption within the < 350-nm region [13], while
a strong absorption of energy between 250 and 470 nm in the
NUV range was observed for Na,CaPO4F:0.02Eu?*. The PLE
spectrum shows a broad hump between 250 and 450 nm, which
matches well with the reflection spectrum. The PL spectra of
NasCaPO4F:0.02Eu?* show green broad emission bands centered
at 506 nm (455d" —4f7 transition of Eu?*). The inset of Fig. 3
displays a clear photograph of Na,CaPO4F:0.02Eu®* phosphor
under a 365 nm UV lamp box. The broad and symmetric emission
bands of Na,CaPO4F:0.02Eu®" are attributed to the transmission
from Eu?* occupying five crystallographically distinct Ca®™ sites
in the host structure.

Thermal stability is very important for phosphor applications
in white LEDs. The relative temperature-dependent emission
intensities of Na,CaPO4F:0.02Eu®>* and commercial BOS 507
phosphors under excitation at 390 nm are compared in Fig. 4.
As can be seen in the inset, relative emission intensity decreases
with an increase in temperature. We observed decays of 25% and
66% at 100 and 200 “C, respectively, for NazCaPO4F:0.02Eu®*, and
decays of 9% and 49% for BOS 507. These results indicate that BOS
507 exhibits better thermal stability than NayCaPO4F:0.02Eu”*.

According to Lin et al. [14], the activation energy (E;) can be
expressed using the following equation:

~ lo
=5 +cexp(—Eq/kgT)

where Iy and I(T) are the initial PL intensity and the PL intensity at
a given temperature T (K), respectively; ¢ is a constant; k is the
Boltzmann constant, 8.617 x 10~ ° eV/K; and E, is the activation
energy for thermal quenching. This activation energy can be
calculated from a plotting of In[(lo/l)— 1] against 1/kgT, where a
straight slope equals —E,. The activation energy for thermal
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Fig. 4. Temperature dependence of PL spectra of NayCaPO4F:0.02Eu®* phosphor
under 390 nm excitation. The inset shows thermal quenching for the relative
emission intensity of Na,CaPQ4F:0.02Eu®>* and commercial Ba,SiO4:Eu®*
phosphors.
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Fig. 5. A In[(Ip/l)—1] vs. 1/kgT activation energy graph for thermal quenching of

NayCaPO4F:0.02Eu®* phosphor.

quenching was found to be 0.3107 eV for Na,CaPO,F:0.02Eu®~ as
shown in Fig. 5.

Fig. 6 shows the electroluminescent spectrum of a white LED
fabricated using a 390 nm NUV chip (AOT Product No.: CO6HC,
Spec.: 390V08C, wavelength peak: 385-390 £ 0.51 nm, chip size:
40 % 40 mil®, forward voltage: 3.8-4.0 +0.02V, power: 70-80 +
2.32mW) comprising blue-emitting BaMgAl,¢0,7:Eu*", green-
emitting Na,CaPO4F:0.02Eu?*, and red-emitting CaAlSiNs:Eu®*
phosphors driven by a 350 mA current. The electroluminescent
spectrum clearly shows four emission bands at 390, 460, 526, and
603 nm, which arise from the NUV chip and the BaMgAl,gO;7:Eu®™,
Na»CaPO4F:0.02Eu®™, and CaAlSiN3:Eu®* phosphors, respectively.
The generated white LED shows CIE color coordinates of (0.332,
0.365), a CCT of 5540, a Ra of 90.75, and luminous efficiency of
20.6 Im/W under 350 mA driving current. The inset in Fig. 6 shows
a white NUV LED driven by a 350 mA current. The 8 CRIs and
average color-rendering index of Ra=90.75 are given in Table 1.
These results demonstrate that our proposed phosphor blend has a
higher Ra of 90.75 and lower CCT of 5540 K compared with a white
LED fabricated using YAG:Ce®* phosphor pumped with a blue

1.2
Na,CaPO,F:0.02Eu**
1.0 BAM:\E.UZ' CaAISiN, Eu™
3
& 08
Z 390 nm
,@ 0.6 | NUV chip
£ l Ra=9075
8 CCT = 5540 K
N 044
© CIE = (0.332, 0.365)
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T T T T
400 500 600 700 800
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Fig. 6. EL spectrum of white LED from blue-emitting BaMgAl,;(0,5:Eu*, green-
emitting Na2CaP04F:0.02Eu®*, and red-emitting CaAlISiNs:Eu?* phosphors using a
390 nm NUV chip. The inset shows a photograph of a LED lamp package driven by
350 mA current.

Table 1

Full set of 8 CRI and Ra values of blue-emitting BaMgAl,405:Eu**, green-emitting
NayCaPO4F:0.02Eu**, and red-emitting CaAlSiN3:Eu?* phosphors using 390 nm
near-UV chip.

R1 R2 R3 R4 R5 R6 R7 R8 Ra

88 95 96 89 90 96 92 80 90.75

InGaN chip, which has a Ra of 75 and CCT of 7756 K. [4]. Therefore,
Na,CaPO4F:Eu?* phosphor exhibits great potential for application
in white NUV LEDs.

4. Conclusions

In summary, we have synthesized novel green-emitting
Na,CaPO4F:xEu?* phosphors by carrying out solid-state reactions
at high temperature, and investigated their optical properties.
Na,CaPO4F:xEu?* phosphors have broad excitation bands between
250 and 450 nm with the green emission centered at 506 nm. The
optimum concentration of Eu®* in Na,CaPO4F:Eu®™ is determined
to be 0.02 mol. Moreover, trichromatic white LEDs, fabricated by
integrating a 390 nm NUV chip comprising blue-emitting BaMgAl;o-
047:Eu?*, green-emitting Na,CaPO4F:0.02Eu®*, and red-emitting
CaAlSiN3:Eu? ™ phosphors into a single package, emit white light
with a CCT of 5540 K, Ra of 90.75, and CIE of (0.332, 0.365). These
results indicate that a 390 nm NUV LED chip coupled with
BaMgAl,o0,7:Eu?+, Na,CaPO4F:0.02Eu®*, and CaAlSiN5:Eu®* phos-
phors has a higher Ra and lower CCT compared to blue chips
combined with a YAG:Ce®*-based white LED.
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