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Synthesis and Luminescence Characterization of
Up- and Down-Conversion Phosphors and Their

Application in Silicon-Based Solar Cells

Student : Woan-Yu Huang Advisor : Dr. Teng-Ming Chen

M. S. Program, Department of Applied Chemistry

National Chiao Tung University
Abstract

To investigate the potential application of up- and down-conversion phosphor
coating in enhancing the performance of photovoltaic (PV) cells, we have
successfully synthesized several phesphate and zincate phosphors with the
composition of KCaGd(PO4),:Yb* ,Er’", KCaGd(PO,),:Eu®", KSrGd(PO,),: Yb**,
Er¥, KSrGd(PO,),:Eu®*, Y,BazZnOs: Yb** Er** Y,BazZnOs:Eu*, Gd,BaZnOs:Yb*",
Er** and Gd,BazZnOs:Eu®*. All of the phosphors were characterized by X-ray
powder diffraction (XRD), photoluminescence (PL) and diffuse reflectance
spectroscopy (DR), scanning electron microscopy (SEM) as well as integrating
sphere. With a screen process we have fabricated silicon-based solar cells with
coating of rare-earth-doped phosphors.

Under 980 nm laser excitation via an up-conversion process, the Yb**/Er®*
co-doped phosphors were found to show two main emission bands in the green
region (520~ 560 nm) and red region (630~680 nm). On the other hand, the Eu®*
doped phosphors could be excited with ultraviolet radiation and exhibit a red

emission.



In an attempt to improve the conversion efficiency (7) of photovoltaic (PV)
devices, a mixture of phosphors and binder was prepared and screen-printed on the
surface of PV silicon wafers and the 1-V curves and the  value of the PV devices
was measured with solar simulator. With this spectral-conversion layer formed, the
short-wavelength radiation of the sun light can be converted into visible light and
reused by the PV cells to reconvert into electricity by the photovoltaic devices. The
research also attempts to investigate the effect of particle size of phosphors size on

the enhancement of optoelectronic conversion efficiency.
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2-3 X i R chipemin g g g LA
% ik 4F >z i (Photovoltaic Effect) » # & -+ 15 ka0 £ 83 = 7 5t - A4
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2Lixff 3¢ = BB T # (Point Contact Cells) » #-1 ~ f T &IDEAEF & > 4ot 7 3
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SIS X S R U
1. ¢ m3adp7) (Tandem cell)

B rBRA WU AT B A BEA B aa dilAe ko W
Tefe g v B RGHFenT P b B o oM £ kT B Tk 0 AiE
PR AT R R i B R Rl BB F IS 5 47.6% -

2. ¢ B 4] (Intermediate band type)
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BB G F ¥ i 66% o
3. #4*+ 4] (Thermal carrier-type )
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http://zh.wikipedia.org/wiki/%E5%A4%9A%E6%99%B6%E7%A1%85
http://zh.wikipedia.org/wiki/%E7%83%AD%E8%83%BD

¥=F & *ﬁ%f?‘ﬁ h

3-1 KCaGd(PO,), & 8 % 1
1980 # Et-Tabirou frDaoudi% « ¥z 1 1 ACalLn(PO,), (A= alkali, Ln=
rare earth ) sH &4 it % (double phosphates) » 2 2_ % Mooney % + B¥sqg% % o
LnPO, (Ln=La, Ce, Nd) » 5 #4p 02 ¢d [LnOg] £:[PO,] % & %8 #758 = eid 3§ 3

i -

KCaGd(PO,), &>+ = = (hexagonal) & % »JCPDS ~+ % % 00-034-0125-Gd**

i

ACa’ g3 & A BOY e > 11[GdOg] & [CaOg] i 5 & RE 558 75 v A W] b 35—
LD, o B e fk fechenn® w27 [PO,]| 244 1t 32 = polyhedron-tetrahedron
chains» ¥ % 7 = [(Gd**orCa’")-(POs)-(Gd**orCa®")] ; #+ #t » 4 7 & LT /7T 7>
K'agp+ 2 21~ BOYfe i > T [KQgl ehadsh e gt 5| m & erid 3f ¥ 17 — X
et (30 in P6222)) 4o §]3-3/5 KCaGd(PO,), s 1 % #cA 4 5 a=6.954
A>c=6364A>0a=120°>B=y=90°>V=26652A% Z=1>7% /¥ 5 P6222 -

Gd-Osug £ T35%524A - 5 BGA* 43 i nprap 5 4.1125 AP .

~

d/Ca

o +1 +)
ovQ

®] 3-1. KCaGd(POy), & %8 7 & B
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] 3-2. KCaGd(POy), fiz i % 3 7 & B

/Ca

c000
o gw

Bl 3-3. KCaGd(PO.)s it Z[001] = % -ifchdt 71 7 3, 1Y

3-2 KSrGd(PO,), & 1 3

KSrGd(PO,), % + = (hexagonal) & %« » JCPDS + 55 % 00-034-0118 - &
¥#Au i a=7.06A > c=6.4354 > a=120°> B=y=90°> V=277.77A%>
Z=1> 7% B3 5 P62228° - KCaGd(PO,), &2 KSIGA(PO,), 5 % Bif i &4 » 4

3-1 5 KCaGd(PO,), ¥ KSrGd(PO,), i 18 f 2 % #c2 vt fie o
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4 3-1. KCaGd(POu), & KSIGd(PO,), i 48 & 12 ¥ #ez vt di

Compound KCaGd(POy): KSrGd(POy),
JCPDS No. 00-034-0125 00-034-0118
Crystal system Hexagonal Hexagonal
Space group P6222 P6222
ad) 6.954 7.06
b (A) 6.954 7.06
c®) 6.364 6.435
a 120° 120°
i 90° 90°
y 90° 90°
V(A3 266.52 277.77
Z 1 1
CN(Gd*")=8 CN(Gd*")=8
e - CN(Ca%)=8 CN(Sr*")=8
(C.N) CN(K"H=8 CN(K"=8
CN(P)=4 CN(P°")=4
Reference [33] [36]

3-3Y,BaZnOs & iﬁ.&é—ﬁ‘-_

Y,BaZnOs# £ 3 ficik /i & 42 enik 4 4p(Green phase)Y,BaCuOs = % &4
it £ 4 - 19834 Michel % « ¥ :x 4 R-Ba-Cu-O 1 £ 4 5 5@ » 11 ZngF B ik
Cusg+ > = & = - % 5|R,BaZnOs ( R=Sm, Eu, Gd, Dy, Ho, Y, Er, or Tm)
it &4 o Y,BaZnOs2 £ d [YO7] ~ [BaOu] ~ [ZnOs]= & % & A8 5 v
BY g3 A ul - B feehE ¥ = & ¥ 4 (monocapped trigonal prism) ¢
* — B AN [Y,0p]HE 0 deBI3-4()TF 0 8 T FAthinds A - ik en
E 48> 347 Ba™ 3T feZn” 33 chin g > B ¢ Ba 33 11RO F o A Zn®T

3 5B O3 & 42 0 e 4 4i(distorted tetragonal pyramid)©®® o

34



Y,BazZnOs 7 i+ = (orthorhombic) & 4 » ICSD —+ %L 5 35591 5 & & % &~
u% a=7.070A »b=12.336A > c=5709A ra=p=y=90°V=497.964A°>

Z=4> 7 2t % PhnmBY o

b

B

co@QO0O
opEE s

Bl 3-4. YoBazZnOs & #5547 & Bl

(a) (b)

Qo Y1
Q@ Y2

Q@ Ba
o Zn
e O

Bl 3-5. Y,BazZnOs (a) [Y20u] % & # 7 & B (b)f =k 5 7+ 2 Bl
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3-4 Gd,BaZnOs & i&%—ﬁi
Gd,BaznOs = i+ % (orthorhombic) & % - ICSD —+ 5.5 88602 » & & ¥ #c A
w4 a=7.157A b=12494A c=5774R »a=p=y=90°V=516.348 A°>

Z=4> 2 @3 5 PonmB o § £3-27 v Y,BazZnOs Gd;BaZnOs' 7 14 4+

PR G gL B BT G ER LR

% 3-2.Y,BazZnOs &7 Gd,BaZnOs 5 48 5 #2 ¥ Bz R

Compound Y,BazZnOs Gd,Bazn0s
Standard No. 35591 88602
Crystal system Orthorhombic Orthorhombic
Space group Pbnm Pbnm
a(h) 7.070 7.157
b (A) 12.337 12.494
cA) 5.709 5.774
o 90° 90°
Vi 90° 90°
y 90° 90°
V(A3 497.96 516.35
Z 4 4
CN(Y1*")=7 CN(Gd1%*")=7
e = e CN(Y2%")=7 CN(Gd2™)=7
(C.N) CN(Ba*")=11 CN(Ba*")=11
CN(Zn*")=5 CN(Zn*")=5
Reference [39] [38]
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e ¥ FHR AR

4-1 R T 5

(1) mpsi4n (Potassium carbonate, K,COs)

99.5%, Showa Chemicals Company Inc., U.S.A.
(2) mpk4r (Calcium carbonate, CaCOsg)

99.95%, Alfa Aesar, U.S.A.
(3) m&p&i4L (Strontium carbonate, SrCOs;)

> 99.9%, Sigma-Aldrich Chemicals Company Inc., U.S.A.
(4) ®tpsi42 (Barium carbonate, BaCOg)

99.98%, Sigma-Aldrich Chemicals Company Inc., U.S.A.
(5) # 4 (Gadolinium (1) oxide, Gd,O5)

99.9%, Sigma-Aldrich Chemicals Company Inc., U.S.A.
(6) % i* 4z (Yttrium (II) oxide, Y203)

99.99%, Sigma-Aldrich Chemicals Company Inc., U.S.A.
(7) % i 4 (Zinc oxide, ZnO)

99.99%, Sigma-Aldrich Chemicals Company Inc., U.S.A.
(8) # i* 4% (Europium (II) oxide, Eu,0s)

99.99%, Sigma-Aldrich Chemicals Company Inc., U.S.A.
(9) ¥ i*4a (Ytterbium (1) oxide, Yb,Oz)

99.9%, Sigma-Aldrich Chemicals Company Inc., U.S.A.
(10) 3 i+ 4= (Erbium (II) oxide, Er,05)

99.9%, Sigma-Aldrich Chemicals Company Inc., U.S.A.
(11) #ipi @ = 4% (Di-Ammonium hydrogen phosphate, (NH,),HPO,)

> 99.0%, Merck Chemicals Company Inc., Germany
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(12) A
I T g oAy el C 8 S L RARIRN o
(13) # & [fl

SHESFPORGT LD TR E 5 156mm x 156mm ()& & -

42 RERFARE
(1) ® % =& (High Temperature Furnaces)

RN TYE PEEY T

A% 0 B F K 5 7,0560m’ 0 e i
Eurotherm 818P 4B & B 2 & it spde i~ i > BB E A7 i 1,700C ~ £

Lindberg 2 & 2 & enfe 55 #2980 #8310 Se 2@ 9 5 9,880cm® s ;g & %

._\_%_

1,100C ~ ¥*Flft+ 3R #5 U2 @ 2 A e N iR 2 S p > B AR Y LG

1,620°C » 4c# 7 B % 5,915 ¢m’fr 11,340 e’

(2) X sk ¥e54 1% (X-ray Diffractometer)

% Bruker AXS 1%l - )% 5 D8 advance # %] 2. X kst - H Lk
shfF¥e > HF 5 22KW e X kiR A 2 2 RIL 5 1% 40KV crffe (73 B » 4ei
TIRFHE U EFFAI O CH LA X 2 44 4 E 5 1.54058 (hKa
X StaR > BRIPF o FET S A0MA Farfb 2 20 @5 10 2 80 & - Frpr
B 5 20/0 FRdFixrd20k - §3F T FTRFLEBEHTAL D
XERPEHEL G HWEFDL AT X SR E A 2 SRR G > o Th

LRALWE S @

I
N
&

=

CESR RS SR e E LR
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# JCPDS % ICSD FRl A& {71 4 > KA tid St il > 2 M4 R
B SRR A TG R BRDARSWREFAESIDS ok AL
B P e T RGP B PER R R M RE MR 2 20 B o £ 12 )

* DIFFRAC PLUS Evaluation # %8 a2 #icyy & Bl i o

(3) & &k ik (Photoluminescence Spectrometer » PL)

i# * % & Jobin Yvon-Spex Instruments S. A. Inc. = & #+ %] Spex Fluorolog-3
Wk ki kofe ¥ 450 W 4 & Hamamatsu Photornics #7 %3 R928 4]k § 2
B s WRE FRoALFHFFE 200nm T 1,000nm > £ FAFERIEF

T o x4 Ik # W HORIBA 27 7% > 45 F-3018 -

(4) % *F-7 8k k¥ &k (UV-Visible Spectrophotometer)

AFE T AT A A F L SN R SRR R p A& Hitachi 2 @ #8350
U-3010 ¥ #b-+ R k¥ ik > F4 AW # B 5 190 T 1,000 nm o F 32 & 1 * 45 5%
BRI LGBIRLER ARTHFENT AEEE Ak, IR LEAFL R LEE
H k4 FHE- Lok BREEFEFRSSH > LPE - Gd ok
REH#LNEELTENE LS E@E Y E ot Y R

FRIER e T N F kg 0 SRR s T L R F B R R R

B

(5) #4558 = + B pcsr  (Scanning Electron Microscope > SEM)

%24 F &k o Kk JEOL 1 6300LV 4|44 N § 3 Bkt 0 H ek
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\

T 5 05-30KV > f347 & 7 i 3nm (30kV> WD =6mm) - i 5 25~50,000

%

R IRRLENFE O HAAT I KT FRE ko T F i‘fﬁ"] ’
ERMES 25 > Ao AT ol AT IR RIEARIE L5

%%{}J‘ J9 3 & ﬂi JCRT ’ QP'\?’—JF%EIJ%\& Il}%’ﬁ, o

(6) = Mk HEEE Rk 5L (Solar Simulator System)
SRR EP AN LA TENRIB RN TEFRER A ESF
PR ek o BRI AR 4-L o 0 v g A d - e IF L R

®chkiho 5 d #F F 5% (Ellipsoidal reflector) £ & kRS £ 5d & 7 375+

S

PR RIS 0 R F Gk A B B (Shutter) 150 Btdgd 2 F FER
2 (Air mass filter) Ejgkihis £ Sd G775 3 R4 B T 2 ik
=~ [E kiR o
ME T ek Bk ok A Newport < Oriel 91190 v &_i * 1000W
gEdh g (Xe) % 5 Bk (Model 62290) - # e ™ frkt i & B RlIERT

Air Mass 1.5G i ip % (Filter) o 3 #cs B & (5 £ 4 1 Keithley 2400 T &

I
4
<
il
fg
B
v
%
|
i
o
A‘
=
F
|
M
=

R & LR G U PR

e Fp) o @ ¥k Rafar o AR * i 8 NREL (National Renewable
Energy Laboratory) uir2 ¥ & # < H L > d5d By Keithley Rek T vl &
RHAERRNLRE FR - RGR RS R F R E s (R E

RS R ERGEL BN TR AT o
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OPTICAL
INTEGRATOR ™

MIRROR
AIR MASS
FILTER

! .
ELLIPSOIDAL_| \ [ WORKING
REFLECTOR \ | “ PLANE
“l
L XENON

LAMP

B 4-1 + BB iads o e

4-3 9 S Fo AT

+

A5 3 ¢ KCaGd(PO,), : EUS S A A * @ se B B TR & £ Ak
AR T R B AR R B F ARSI o BIEAR
R R B GRS RS 0 B BIRRER T
TR A SR AR R ER S R B A BT R AR ER R pH
de r B IR 0 A5 RR LAk 0 RSB C SRS E R aXs o
IR GRAIEE BRI E R A o Y X RS RET R
BRI AR I KT LR F R R Pk

Bz M N gl NG ASEBL TR PRET DR -

R L Ak
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4-3-1 KCaGd(POy),: X%EU* (or Yb**  Er*")¥ sk a2 & &

4-3-1-1 KCaGd(PO,),: x%EUu®* (or Yb*' | Er¥) | & #l#2

1.0 K,CO4+2.0 CaCO3+1.0 Gd,05+2.0 (NH,),HPO, —
2.0 KCaGd(PO,);+3.0 COg+4.0 NH3ig+1.0 H;0() +2.5 Oyqy

&bt v F 3 fRBednde i p il 49 (KoCOs) ~ #% L 4T (CaCOs) ~ 3
L 4t (Gd203)§£;§fﬁ’§§ = i%‘((NH4)2HPO4) ’ ﬁ&——ﬁ » 3B T 2 &k i”’%
S R AT IS T &

U

%’.%%“““Egv‘ » 4 6] 3 1100°C~ 1300°C R »»2 % 4 ¢ ‘i 8 ] >
1 FRA AT FR O BN S AIR s Y R

2

/FJ_EL% SRS L ,:,\.,,_,_ (SR *{ 2 X chi%kl’]‘gl;ﬂ-lf F."”A‘#J.}E_LL
¥ ;ﬁlljﬁ ﬁb‘%\'ll—{lig"ﬁ.ilL

U

R fodr 2 vt b 0 4EEi E 8 22§ e di g K,CO; » CaCos »
Gd203 > (NH4)2HPO4 > EU203( or szOg ’ Er203) » #-H E TG
I3 R EFEI o e F g V4R MY 0 11 12507

8] o o

$PUER (590 A g 0 R 17 XeTay SER AR BT B HEA 1T 0 K
L3RR SEHE RS TR -
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4-3-1-2 KCaGd(PO,),: X%EU> & ik i 42

e it 3R R & 1B AT sk B 49 (KoCO;) ~ AR 4T
(CaC03) 3 i f[L‘ (Gngg) 3 i 4% (EU203) S 4 B3 K v (D|
water) » - de x> £ enfiad p&i PR B[R

U

A pH Rl T o R AR 2 90C =+ 0 HE 2 E&ﬁ’r;i—’
4%k 7% % (NHg)2HPO) 3 2 e » > 3R D 3 o

U

1 4y LL’EE4IZ /»b r'/rr IIQ ]‘;5 J FS 2 f% ’J\Av\ ,i“);? "P“ﬁf—J#‘gg};ﬁ‘?J\ %;';
ﬁﬂ@*fﬂfljw ¢ ,5??#"%.%2 °

~F

B TS A~ § (AR
~000°C 4% 4 /] pF > p KA grs

GIE SRR Y R R g o

BIEZ P& it T @R 2 XRYESR > @ TR E 4

% |

ﬁllsfﬁ’»ﬁxi LY L N E R o

U

% B & (e & A% £ (B00C) 0 & % KCaGd(POy): EU* 4 48 »

17 X-ray S5 o AP FL  SHRA AT~ F R K~ 2R SRS

Bkl -
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4-3-2 KSrGd(PO,),: X%EU® (or Yb*" | Er¥) ¥ k442 & &

1.0K,C0O3+2.0SrC0O5+1.0Gd,03+2.0(NH,4),HPO, —
2.OKSde(PO4)2+3.0C02(9)+4.0N H3(g)+1.0H20(g) +2-502(g)

&b v ot B o e B e 49 (KoCOs) ~ A i 4(SICO3) ~ ¥
it 4 (Gd03) ~ Bipk & = 48((NH,):HPO,) » #-H ¥ » I§ 1087 35 3
REREF (S xS Fhg VAR HHREY o

(—

B0 R 4w A 1100°C~ 1300°C ¥ 20 % & ¢ i 8 )
GIE TR Y RS

2

2 L A S 44
pRRAArE 2R BRI

o

RE T b & 5 TR R X % SR 8 AR
S MR T

(—

RE A2 B BRI F 8 e s g Ky,CO; ~ SrCO;
Gd,0; ~ (NH,),HPO, ~ Eu,03(or Yb,03 » Er,O3) » #-H % » 5B 15
e RERES > ar i V48 ) HIFY > 11 1100
Yk 8] P o

(—

e Ay > 27 X-ray st S AP HE > BHA 17~ %
K 2SRRI I RIE




4-3-3 Y,BaZnOs: xX%EU** (or YB*" | Er*") ¥ k42 & &

1.0Y,05;+1.0BaCO3+1.0Zn0O — 1.0YzBaznO5+l.OC02(g)

g R fERA g § 1 42(Y,00) ~ A48 (BACOy) ~ §
LAR(ZNO) » A B A FISATER I R L B Y 15 0tk r 4e F 2R
ARl MY

<:

¥~ 3R o~ % & 1200C~ 1400C B »»r 3 % ¢ ‘&% 8 /| FF>
) ?ﬁzi‘%‘f’f&i;{ » B s E‘I% Y=L sy SSEN

<:

BIRH b & 3 E 2 T TR g2l X R SR 0 8 TR
%ﬁlll‘tg’\é\_ﬁ ’ﬁ;’@g\:uq—;’ o

<:

RE A2 B> FEBAE R Y B3R e s Y,CO;5 ~ BaCOg
ZnO -~ EUQOg(Or Yb203 ’ Erzog) ’ ’%‘—,ﬂ LRy =k S S R }/@t
3165 %4 FnF (48] ZE 5 12 1350°C S 8 ) B o

<:

ﬁ"ﬁ% ‘p‘v'xé i )34”” v BT OX- -ray ﬁ%k"]'aajﬁgfi‘ ”f#}”\’l‘fr N ’“ e
SRR MR E S FRE o




4-3-4 Gd,BaZnOs: X%EU* (or Yb** , Er¥") % k442 & &

1OGd203+1OBaC03+1OZnO — 1.0GngaZnO5+1.OC02(g)

i b it B fePdedn e 3 1L 4 (Gd,y05) ~ AL 45 (BaCOsg) »
iL%(ZnO),jZ_:’EE)\IE; mﬁﬁﬁﬂ‘i’lﬁ,wi‘ﬁﬁ%w""{)\éc%mgg
45 B Y o

% ¥ C~1350°C /¥ >3+ % 4 # 2/ 8 | & »
BARAAPE 3R BN RIB I E Y P EE] o

BIRH b & 3 E 2 T TR g2l X R SR 0 8 TR
%ﬁlll‘tg’\é\_ﬁ ’ﬁ;’@g\:uq—;’ o

K I 2 ) 7]23'—3"1@ 3 1Y B2 adednd Gd,COz~ BaCO;s ~
Zn0O ~ Eu,04 ( or Yb203 ’ Er203) » #-H 353 R & T 11 gf@ﬁﬂﬁj‘}/@t
8 e r b Fehg V4R R 0 12 1300°C R 8 ) B o

<:

ﬁ"ﬁ% ‘p‘v'xé i )34”” v BT OX- -ray ﬁ%k"]'aajﬁgfi‘ ”f#}”\’l‘fr N ’“ e
SRR MR E S FRE o




4-3-5 ¥ Ly ®

xRS LR

BeirE o2 TR Y KRR O~ Y
70°C~80°C % 24hr » % » 500 mesh & 4
-k K8 1R 6F o

v 4 Br Bl (screen printing) -1k S35
3% s e T3 130C e
10min 55 % L e

ﬁi‘%’";’l};; R Kk ‘&"]—’]0;%
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FIF BFas
*F2 3 ¢ KCaGd(PO,)EUP ¥ 48 i 41 * W sv B2 g1 & s 8

RomERMEREp B LWT R ARRS2AR > A3 L EFHL

/4

R E A R k2 £ SR Sl R S FRRR - R FRFEMF SRR
FHEFEREGBRTA 2 0F - 29 g By ka5 KCaGd(POy),:
Yb¥, Er** « KCaGd(PO,),:Eu** ~ KSrGd(PO.),:Yb* Er¥*#r KSrGd(PO,):Eu®* ;
A AEL ¥ k24 Y,BazZnOs: Yb¥, Er¥*Y,BazZn0s: Eu* ~ Gd,BazZnOs: Yb*,

Er¥# Gd,BaZnOs: EU™ » M T 3524 st & 4 5% ks 42 o

5-1 KCaGd(PO,), & & grgh sk yF |+ 2.
5-1-1 KCaGd(PO,), ¥ £ & X i B A B fp S = 3

B 5-15@% FEE =237 FiERAEE KCaGd(POy), X £k k bt
B2 vt g o B3 A 457 503t 1100°C~1300°C e ~ [ » 7 & & 1 %4
KCaGd(PO,),4p » H ® 12 1250°C & J& ~ /) PEori8 A J» S84 55 B B B > 43

BUCE R TMEST BRI S MR 0 o F 45 EUT(YDT EX g 4 g

—47'7' ‘}}uﬁ @ i‘ @lﬁj—w #5‘4': i’:r%#ﬂ'—"‘ L'ﬁr*” '17}%"54 ﬁ”;/; )lﬁFJ ’ l?f Z_ {.« /.E_/F }\/p
iR e Az dn (NHG)HPO, 17 5 ik A » A5 3R & ehv ¢ phicd» - 12 800
Cltw | pris v & 1) % 4p - KCaGd(POy)y & W] 12 & SL B ji ¥ £ Vi i3 & = i

X k¥ & S Bl - 11 2 &2 JCPDS 00-034-0125 i+ & 4+ XRD M]3+t #4- B
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5-2 577+ TRRF| ¥ £ K2 o7 & &t KCaGd(PO,), 2. dEbtis 35 B $255 -

7

GERL 0 T S G R IR 0 4 T @At & 2R R A kT

1 (@) @ 1300°C
1(b) @ 1250°C
=
$ W
2 |© @ 1100°C
9
£ | "
1@ : JCPDS: 00-034-0125
T I L L.! I- T - IL F ] ! & o »m ¥ P oy Fu B an
10 20 30 40 50 60 70 80

2-Theta (deg)
B 5-1. 7 k8 & Tt & a0 KCaGd(POy)p 2 %8 XRD B3 2. +“ #2 :
() 1300°C (b)-1250°C (¢) 1100°C (d) JCPDS: 00-034-0125

(200)

KCaGd(PO,),-host

(102)

Solid State method

(100)

(101)

(110)

= ~
S5 S
NAT ©

(111)

Co-precipitation method

JCPDS: 00-034-0125

Intensity (A.U.)

I T ML T.,-L F TT, .. 2" o Fuva.e

10 20 30 40 50 60 70 80
2-Theta (deg)

Bl 5-2. 7 Il 420 & & KCaGd(PO4), XRD B3 2t i
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B 5-3 5 B2 Er kA 5 1.0mol% > # kE A Yb¥ s a w4
KCaGd(PO,),: YO¥ Erf & 404 & St B & B M AR« ¥ 2 SR
Gd™ | e YD™ 5 Br ROk BB 4e 0 B 1o F Bl S R RUAE W R R BR ) il
o B 5-4 51 99%Yb¥ 1% Ertt et bz > Bk Gd¥ S o
KCaYbogoErooi(POs), & 48 2. X 6 Sest Blo# - #F MEFH ST e » 3

SLER RS TR

(a) - () 2660
693: I 0 a/b parameter
o1 I Volume
6.914 X %
6.90 - 264.0
6.69 ] 3 e .
6.68 ] z “c
2 0] :; 262.0 4
= 685]
5 o : E "
5 o] = "9 +260.0 .
S & ¢ parameter >
2 636 =
E = 8 258.0
© 6354 = . 0
634 - =z .
-
631 = 256.0 4
6.2 I ' ' ’ ,
0 20 40 60 80 100 0 20 40 60 80 100
x / mol% x / mol%

] 5-3. (a) KCaGd(PO.)5: X%YDb>* 1% Er’* g 4% #c2 Yb* L B 2 B 1% ;
(b) KCaGd(PO,),: X0 Yb> 1% Er’' s te 88 /% 22 Yb¥" )k & 2 B 1%

99%Yb™*, 1%Er"
<
:_'; T T T T T IA-MA—‘J
@ ! JCPDS: 00-034-0125
()
=
I il L T., IP I_Tlp_ﬂ._v_q_ﬂ"_‘pln_u.s.
10 20 30 40 50 60 70 80

2-Theta (deq)
] 5-4. KCaYho.goEro.01(POs)2 ¥ £ 48 X ks A SE&4 B ¥
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B 5-5 (a) 5 KCaGd(POyu),: EU™" & &8 & 12 ¥ #icsr EUT 45820k & 2 B 1%
d 3t EU a2 s fe GA¥ 4 4piT 0 FIEF BTG Bk R 4 o &
BABESC 2T LLPHARPEEFEC RIS LR 3 82
4o [§) 5-5(b)#77 o B 5-6 % Eu*ir3 100%% > B~ Gd** i3 h KCaEu(PO,),

§OEM2 X kY BH o F AR EE R R 0 B B Ak R

7 54
As o
(a) 7.00 (b) 268.0
1 o a/bparameter L
856 - Volume
6.97 4
6.96] - -4 -
] -] x -
Zgi T H = g 267.04
~ 693 ~
< 6929 [0}
= 691
% 6.90 4 g - -
£ 5 266.0
g >
© 6384 A cparameter
s e 1
g 6.37 = 8 - =
6.36 4 = -3 265.0 4
= z
635 h
6.34
264.0 T T T T T
0 20 P 00 T 0 0 20 40 60 80 100
x / mol% X / mol%

Bl 5-5. (2) KCaGd(POy)z: X%EU> & +o4 e EUE B 2 B 14
(b) KCaGd(PO4)2: X9%EU>" ds %8 £ 22 EUPTE & 2 B 1%

100%Eu’
D: 4
=
:é‘ T T T
% ' ' JCPDS: 00-034-0125
€ |
I t 1l T.,L.I,I'.,.,ﬂ. - datan,
10 20 30 40 50 60 70 80

2-Theta (deq)
B 5-6. KCaEU(POa), ¥ % &8 X k45 % SEbf B
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5-1-2 KCaGd(PO,), ¥ k& ¥l 3 sk 48 4] 2 sk 3 1247

5-1-2-1 KCaGd(PO,),: Yb* | Er*"% % 18 ¢ % 3 #3245

B 5-7 &1 & 980 nm it £ % T o YO¥/ErT £ 3 KCaGd(PO,), 2. bk

# o d 3t YD¥55 7] PFpp>Fap BB S 0 raojeehi B @RS EXY s 3 A

Er¥eri 1 & YO¥ e °Fap it FE 4P 2T 0y FoE T - B Yb¥ e 4z 5 = & 980
k3 B XGRS ot B ErT, 2 $) L B o Fap it FE
— P B 2R S R D PHyp "Sep it P FIU T LB T 2% 6 F 2520 nm

Er’* e Hyyp—>"lis;p BE 18 ~ 530~560 nM 5 3 651 Syp—>"ly5pp et b 2 5 @ fz ok

i+ 630~680 nm ¥ e F9/2—> |15/2”§92-E/T'1§: =L ERE 'S Bt |11/2/;I5? A 61

Er¥hicd 2ig s 23 lp st BED L 5fe B2 Bk p 2t YO ehiy B 1418

-~

4 s e L 4 (A4 SR oA 4
3 ‘Fop i BF > 7 F - 3AEK P 3 THup - Syp e s B E521 Fep o
8.0+ 4 4

FQ‘Z" ||512

—_~ 2H1‘2 4'15/2
&
8 6o0-
©
o
L ed
X
2 404
(73]
(=
Q
E

2.0 4

0.0

560 ' 5éo I 660 ' 650 I 760
Wavelength (nm)
B 5-7. KCaGd(PO4)2: Yb** Er** & sk #8 2_ 2 b ok 2%
*F 7 BT KCaGd(PO,),: Y Er¥*aastit £ 500~560 nm 2 % % » f it &

g% B 5 520 nm o e pEc etk B 630~680 nm 2 jz sk o H i s g B
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% 655 nmeEr¥ ik B ¥ 2 5 1 mol% > KCaGd(PO4),:Yb* Er®* & 520 nm~ 655 nm

7 kss B A ule YOPE B 2 B thdc B 5-8 T o

(a) (b)
5-‘ 197 —s—Intensity@2,,,=520nm . 3 " - Intensity@A,,,=655nm
2:-, 0.8 $ 0.8+
> >
k7] 0.6 [2]
§ é 0.6 /
£ 044 £
o 044
g " g
T ™ S oo
g 00 = S »
pd . . . . . Z oo ; ; ; ; .
0 20 40 60 80 100 0 20 40 60 80 100
Yb** concentration (%) Yb** concentration (%)

] 5-8. (a) KCaGd(PO4),: X%YDb** 1% Er¥* & 520 nm % sk 3 & 20 Yb*\E & 2 B % 5
(b) KCaGd(PO4),: x%Yb* 1% Er** & 655 nm % % 3 & ¥ YB3k & 2 B 1%

5-1-2-2 KCaGd(PO,),: EUu* % sk #4187 sk 2 3 45

Bl 5-9 4 Eu**#t3 4% 22 KCaGd(PO,); 2 %1% PR BT Sk S o i R A
Y BE T d - B F 2p g B EU A R B A BB R BV T o
T EES O S 0 B R RS T S 393 nm 5 bk AT 0 L )

T EUS R 2 5 e Sk D> Fyp) kbt 0 1 & 2 5 =24 1D, "Dy 2 Dy o

i

g EUCTE B P 4 0 31 2 2 3 #ju(cross-relaxation) [(*Dy—°Do)— ("Fo—Fi)1 L
Lp17) 0 3k "Dy Dy bt s B RS L o k& § 580 nm 0 Dy Fo i
# > 590~600 nm % i e °Dg—>'Fy tcbtiE 2 > 2 2 £ 610~630 nm & &0 °Dg—
Fodcidie 35 o d 20 EUT 2t 3 P BIRF B 0 B R RE S T
B 1 °Do—>"Fy 28t 35 B € 3 55 0 AR 2 T i 4R 14 M e "D Fy ik
i B € R 33 A %t KCaGd(POy,)y: EUP' ¥ 3 mcitid £ bl 5 ok %
580~730 nm > & if *c stk £ E B 5 587 nm o
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1 —2,=3930m B i
B f—= f transition a a. Dy~
204 —*,,=587nm b SD:» 7':12
c: D, ~'F,
[72] 5 7
d:'D>"F
8— 15 b 0 4
~
o
> omi
oS d
£ 1.0-
%)
c
[0}
e
£
0.5 .
| cTB. J
0.0 ! T p T i T T T v T '
200 300 400 500 600 700 800

Wavelength (nm)
] 5-9. KCaGd(PO,),: EUP" 4 sk #8 2_ jrsF 21 32 b 3k 24

1.0
§ 10‘1 s //- |

% 09]‘ / ‘\ — 0.8
8 ! N
E DBJ! / ! B D-
& or{ | \C, I )
g W\ —-a—Intensity@?.,,=587nm 0.6 s
§ 9 0 20 40 60 80 4100 | | b
Eu®* concentration (%) =
04 @
=
]
-—
(=
02 —

0.0

10
Q\o\
s
o O
100 <</\)

= 7 7 7 7 = 7 7 & 7

450 500 550 600 650 700 750
Wavelength (nm)

Bl 5-10. KCaGd(PO4),: X%EU®" & 587 nm % sk 35 & 22 EUST L B 2 B 4
Bl 5-10 5 KCaGd(POy)z: X%EU*" & 587 nm 3 % % & £2 EUJk B 4% fe. 2. M
o FIE EUTAET e seik B R be 0 2ok B R 4 EBER 4 > F EUTHES 2
231 G P B ik s R iR AL 2T Bt 4 R 0 2§ Gd

Br o g enCalit vy B8 B OFpe iz § EUTHE Rk G i pE
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w725 & h[EUOg] % % M #-EUM 3T T AR S 0 2 - Ha =¥ 77 E 4 [CaOq] 4 &
oSS ECTSMIFR ZEFANBOEA g A ER SR ARG o
REE GO BB LS L K ARGE & & KCaGd(POy): EUTTH
B 2P BAES AR R S 1250°C 0 @ £ AMKE e E R S 800°C 0 F
R B RS E A NS L ERE o d ak X BB Fh &
Haxbtk s B HGE o A B & 22 2 8 KCaGd(POL),: B %5 &

4B 5-11 #751 o

0] A_=393nm
Solid state

. 084 - - - - Co-precipitation
=)
<
~ 0.6
Py
‘B
c
9 04
£

0.2

0.0

550 750

Wavelength (nm)
Bl 5-11. % f & & = ;2 1 # KCaGd(PO,),: EU®* & 587 nm % & 3 & 2+t &
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5-1-3 KCaGd(PO4)2 %.( "O"gliﬁ %’E%ﬁ:i & "H'
5-1-3-1 KCaGd(PO,),: Yb*', Er** g F sk 3 2. A 47

Bl 5-12 % 2423227 YD¥/Er" £ 3 KCaGd(PO,), & & 5 F bk 2 21t

)

B0 VUERFRAE AL F B 100 Y%Ak M o [P kA0S 1L T 0 e T B
P I~ el 43 > f 1400~1600 nm 2 B 5 AR & e R 0 @
900~1050 nm 2 [ efx x4 B 5 YD 4T f>f end 3 Bl o d Uk K ok
TP & 980 nm F 87 § s KCaGd(POy)y: Y™  Er* 4 sk gt o

60

KCaGd(PO,), - Host
50 -

40
30

60

KCaGd(PO,),: Yb™, Er’*

Reflectance (%)

50

40

30

20

T T T T
800 1000 1200 1400 1600
Wavelength (nm)

Bl 5-12. A 333227 YD*/Er £ 48 KCaGd(POy4), 4 % Rk 7 sk 32 1t i

5-1-3-2 KCaGd(PO,),: EU* R & 8¢k 3 2 & 7

B 5-13 4 & 4% 3227 Eu*43 32 KCaGd(POy), 4 L RHE F Sk 2 vt i » §
MG AR SRR m A G K Rk AR LG F B 100 %A o [
¢RI A MR BB BT PSR R G A R 0 A g w

E[ETE O BRSO nffd 3 o LR Stk 250~300 nm 2 [ £ b
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o5 IS

3]1’(

E e 2p P A T EUC e A 3 s rid A e e @

350~550 nm 2. [ cs fcif ke o+t EUM S fof end 3 BB o b eh o B¢

KCaGd(POy,),: EUP 8 & sk 2 erex fc i 22 s

EEcAd) i bl R SRR R RSN

FERP MLV AEF I mEmde o g

(Eu*)m 2 % o

kR T X R AP > £ X
AT AKREEPHSCE T

KR Sd EEEF L

150
| KCaGd(PO,), Host
120 4’2
90
gy
60
3 |
=~ 304
(0]
8 B
© 150
© _
D 1. 7L = 393nm KCaGd(PO,), Eu™ [ ,4
"q—) 120 | : . .
x | kem= 5870 | - §
i 15 .0
il e
friw : 5 B
B, i h T =
? | B i [ . 2
" | 1 Ay, i F05 ®©
::ﬂ 7 NG I , \ | =
& = [} ] \II \\ M ‘\
~ . = : =l . 0.0
500 600 700 800

Wavelength (nm)

B 5-13. 4 3322 EU*' 5 32 KCaGd(POy), ¥ k8% F o k3§ 2 1L i
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5-2 KSrGd(PO,), & * &2 % k2 = F
5-2-1 KSrGA(PO,), ¥ kM & 2 5t LA 223

B 5-14 2 7 s 208 B 978 & 9 KSrGA(PO,), 2 8 X sk 5 & SE i B 3%
2 v o JE Bl A 47T 1 e 1000°C~1100°C B ~ o T & 2 ) %
KSrGd(PO,), 48 > % B A= % 3 1200C * fis ~ - P¥ ¢ T IR Ze4p > #2 1100°C

HEiE ] PEIT S & A 45 EUCT(YDY, BT ¥ L enif 2 o

1@ @ 1200°C
10 I I l l ' " @1100°C
< ,,‘L.NLM
@ 10 @ 1000°C
o
1@ J JCPDS: 00-034-0118
I T 13 .L ! .-T" 2 TTq s mets L e

10 20 30 40 50 60 70 80
2-Theta (deg)

B 5-14.7 FiE B T 41 & & 1 KSIGA(POL), L 4% XRD B3 1 #i
(a) 1200°C (b) 1100°C (c) 1000°C (d) JCPDS: 00-034-0118

(200)

KSrGd(PO,),-host

JCPDS: 00-034-0118

Intensity (A.U.)

{ [ T 1ls T‘;:ITITIEOFT-FWJ_;

10 20 30 0

2-Theta (deg)

B) 5-15. KSrGd(POy), 7 1100°C ™ & & e X k5 & SE5 B ¥
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KSIGA(POy), % 1100°C ™ & = 1 X k¥ % ¥e54 2% 22 JCPDS 00-034-0118
it & % XRD M2 1" #do B 5-15 #77 o

B 5-16 2 F % Er¥f4paek & 5 1.0mol% @ 7 Ik & Yb¥i3 2 w3
KSrGd(POyu)y: YD* Er¥ s k daF 5 St ¥ B B AU M AR - "EF L

G | e YD 5 Br Nk B B 4o B 1o F BB B RMAE B R B o

@) jer— - (b)
708 1z 0 a/b parameter 276.0 4
702 T Volume
7.00 + T -
§§§: 1 . — 274.04
9 -
2 = <
= 694 O 272.0
£ 5e1 T 1S -
QE’ 691 < =
g S 2700
‘_g_ ol 4 ¢ parameter = *
8 izl _ 8 26804
23 a z
s } 266.0 -
6.40 4 |
639 264.0 T T T T T
T T T 7 ; 0 20 40 60 80 100
0 20 40 60 80, 100
x / mol% x / mol%

Bl 5-16. (3) KSIGd(PO2).:x%Yb*" 1% Er’' 5 +4 sz YO L B 2 B 14 5
(b) KSrGd(PO4)2:x%Yh™ 1% Er* ¢, Ak #% 22 YD & 2 B 14

99%Yb*, 1%Er*"

' JCPDS: 00-034-0118

Intensity(A.U.)

[ TT,! T,-L.[TEOFW

10 20 30 40
2-Theta (deq)

®B] 5-17. KSI’Ybo,ggEI’o,01(PO4)2 f‘\ %%ﬁ X 757}; = ‘3%3'1'%];‘3

0
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B 5-17 5 12 99%Yb>" 1% Er’femnt bz 2 B~k Gd* 4+ ¢h
KSrYDogsErooi(POs), # 882 X sk SEst RlcH - & MEM S T mecg » L4
SR AR ERBS

B 5-18 (a) 5 KSrGd(POy)z: EU™ 3 L 4 &+  #csr EU™ 350k & 2 B 1% -
d 00 EuTgRS 2 e G S 4piS - Ut F BT Bk B H 4 0 5
Rd B LA EMARP T R BRIk AN

4o 5-18(b) 7 7% o

(a)

(b)

7.094
o alb t

;g:: a parameter pa— Volume

7.06 4

oo B I ] I H £ .
_ 103 i g ~..
< 7.024 q’
5 o 2760
9 700 g
D 699 = -
g o)
g 643 A ¢ parameter i =
% s . & 8 27504 |

6.41 T _ =

s -
6.404
6.394 274.0 4
T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
X/ mot% x / mol%

®] 5-18. (a) KSrGd(PO.)2: X% Eu®* & 2 # #cer EUSHE R 2 B 1% 5
(b) KSIGd(POu): X% Eu* & te R 4% &2 EUCTE & 2 B %

100%Eu™*

! JCPDS: 00-034-0118

[TTJ Tin&ngngmg

10 20 30 4’0
2-Theta (deq)

Intensity(A.U.)

0

] 5-19. KSrEU(PO4), # £ 88 X ki % ¥E5t Bl 3
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B 5-19 4 Eu¥#r3 100% = 2 B~ Gd* 43 &1 KCaEu(POy.), ¥ k£ f82. X

kSR FREWOSET B BB AN ERBS -

5-2-2 KSrGA(PO,), & % 485 % 18412 & 3¢ f2 45

5-2-2-1 KSrGd(PO,),: Yb** | Er¥g k{8 41 82 3k 3 fz 45

Bl 5-20 A % 980 nm ik £ g T 0 YBULErT 33 33 3¢ KSrGd(PO,), 2. %
Sk o 980 NM F S iEHE T 0 YOS i (7 Frp>Fap R 0 X Mt
i B BUER EXT o @ EXTR BBER B8 YD e R i PR AR T 6 Yy s

B T - B YD de £ 980 Nm k3 i R o £ 3E RS AN EE I

3 L - chrig gm on 2 4 4
Er’, i¢ 2 FIL B e Fopiold Sd =g 2 dg st % 121 "Hoyp ~ *Sap it
s BT U BRLR T A% R TR 4520 nm B e 2H— s, B2 1B~ 530~560 nm

43 998> Yigp S S E 3 A K R B 630680 nm 7 e *Fgp—>*lyg, t bt
1% 3’-, .@j\fl [adicy |11/2/;I$MmEr ‘F; ?Eiﬁlﬁj“iﬁcF,L |13/2§;F2lb"ﬂ‘:11/{
BBk YD e B ER T Fep it Fo - 304 £k 2 PHup S

s B3 ERT ‘Fop o

3.0 2 I

1172 1512 4 4
——
F9/2 |15/2

2.4 1

1.8+

1.2+

Intensity (x10°cps)

0.6

0.0

560 ' 5éo l 660 ' 6%0 l 760
Wavelength (nm)
] 5-20. KSrGd(PO4),: Yb®*, Er¥* 4 sk #8 2 2 bt 3k 2% )
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bt 5 520 nm o e pFEAcEd R £ 630~680 nm 2. i sk

A5 3 Bt KSrGd(PO,)2: Yb* » Er¥*2zsdjt £ 500~560 nm 2 % % » # if

v H g i L

% 655nme ErfE B B E L 1mol% » KSrGd(PO,),: Yb*, Er¥* & 520 nm ~ 655

nm % k3 B A ul e YORUE B 232 M (A4 5-21 #rT o

(a) (b)
5 109 i 3 109 —m—Intensity@A,,,=655nm &
< o8- <
P > 08
g 0.6 2
2 o 2 os /.
c = .
= 04 =
= / - "
8 % 0.4 /
.(_; 0.24 ';—G o
£ —n— i = £ /
E ool L] =—Intensity@A.,,=520nm S 2] u
pd z ;

T T T T T
20 40 60 80 100

Yb** concentration (%)

T T T T
20 40 60 80 100

Yb*" concentration (%)

Bl 5-21. () KSrGd(PO,)2:x%Yb* 1% Er®* & 520 nm % £ 3 & £7 Yk & 2 B 1%
(b) KSrGd(PO4)2:x%Yh*",1% Er®" %655 nm 2 £ 55 & 22 Yb*" kB 2 B 1%

5-2-2-2 KSrGd(PO,),: Eu*2 sk 1 1 r sk 22 47

B 5-22 % Eu¥ 33 1232 KSIGA(POL); 2 % R s 21 3 btk 3 o jprgd k3§
kTl - BE 2p P EUenAf ©E RS Y 2B Rt BV fof
T F BB STE TR B i e L £ B 5 393 nmis kst kg ¢ 7 580 nm
1°Dg—>"Fo B 18 >590~600 Nm % A e7°Dy—>'Fq ¥ b4 35 11 2 4 £ 610~630 nm
B eh °Dg—>"Fp e bt 3 o d 3t EUS At A MY IR F B R R
@45 42 G M Do Frocsd st R § B3 0 Ap e 2 T i E AR i b oo
"Do—>"F, tchtss B € 55

4 % i KSIGd(POy),: Eu™ ¥ 4 sl £ 5 5 ‘= & % 580~730 nm

B & 2cbdpt £ @ 5 587 nm o B 5-23 5 KSrGd(PO.),: X%Eu®* & 587 nm 3 %
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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

of 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(PO4),:Eu**; Screen-printing

To face the challenge of global warming,
the development of green energy materials-has
been an important issue in materials research.
The photovoltaic (PV) cell is one of the devices
that can be used to generate sustainable energy;
therefore, many research attempts~have ‘been
made to explore materials that are able to
enhance the power conversion efficiency (7).of
solar cells. The conversion efficiency from
light to electricity in a PV cell is highly
dependent on the wavelength (A) of incident
light, and the #-A relationship is characterized
by the spectral response.’ In general, the PV
cells are able to convert only a small portion
(i.e., longer wavelength domain) of solar
spectrum into electricity, with ultraviolet (UV)
and infrared (IR) spectral domains wasted.
Attempts to improve the conversion efficiency
of PV cells using spectral conversion technique
by employing up- or down-conversion
phosphors have been well documented in the
literature !,

In recent years, a series of double
phosphates, represented as ABM(POy), (where
A = alkali metal, B = alkaline earth, M = Gd, Y
or La) and isotypic with LaPO,4 have been
reported® ¥, With appropriate doping, the

ABM(PQ,), phosphates were reported to show
wide. applications in plasma displays and
mercury-free lamps; mainly, because the host
of ABM(PQy,), exhibits low phonon energy and
potential gquantum-cutting property.™.

In this research, the effect of coating a
down-conversion phosphor that is expected to
form a radiation-sensitive surface on the
silicon-based PV cells in attempt to increase the
power conversion efficiency was investigated.
Essentially, this deposited phosphor layer is
suitable for absorption and emission in the
portion of solar spectrum and further benefits
utilization of sun light, thus improving the
nvalue of the PV cells. Furthermore, the
coated phosphor layer exhibits lower refractive
index, which may serve as an antireflection
layer in addition to solar spectral conversion.

We have screened and selected phosphors
such as KCaGd(PO4),:Eu** (KCGP:Eu*"), with
low phonon energy and lower refractive index
than Si or SisN, that may be capable of
converting more UV photons into photons with
longer wavelengths to induce a greater spectral
response for a Si-based PV cell. This work is
attempted to evaluate and examine the potential
applications of  the down-converting
KCaGd(PO4)2:Eu*" in an attempt to improve

Foundation item: Supported by National Science Council of Taiwan under contract No NSC98-2113-M-009-005-
MY 3. 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, K,CO3, Eu,03, SrCO; CaCOsj
(all analytic grade), and Gd,03 (99.99% pure)
were mixed together with NH4CI 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 comparison with the process
described by Zhang et al.l”’, our synthesis
process takes only one-third of the time needed
to prepare KMGd(PO,), (M = Ca, Sr). The
phase purity of KMGd(PO4),:Eu** phosphors
was checked by powder X-ray diffraction with
a Bruker AXS D8 advanced  ‘automatic
diffractometer with Cu Ka radiationand all-of
reflections between 26 = 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(PO,),:Eu®*
(KGP:Eu*")-coated solar cells is summarized in
the flow diagram shown in Figure 1. Briefly,
the KCaGd(PO4)2: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 pm
thick was formed

Testing and
measurements

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

Figure 1 Flow diagram for fabrication of phosphor-
coated Si solar cells.

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.

Ag
P v phosphor

«— SiN,
«— N* doping

«— P* doping

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

Furthermore, the open-circuit voltage
(Voc), short-circuit current (ls), and power
conversion efficiency (7))  of the phosphor-
coated solar cells were then measured using an
h.a.l.m 1V curve tracer (cetisPV-CTL1) and a
Sun simulator (Xenon-Flasher cetisPV-XF2).

2 Results and discussion

The XRD patterns of KCaGd(PO,),:Eu®*
and _KSrGd(PO4),:Eu** samples shown in
Figures 3a and 3D, 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(PQO,), and KSrGd(POg), have
the same crystal structure similar to
KCaNd(POg),, which is isostructural with
hexagonal LaPO,.

8
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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.
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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.

100

%R

800 1000

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

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 Iy, due to the efficient
light conversion. That is, the Iy value was
found to increase from 7.9664 to 8.3058 A,
Voc increases from 0.6231 to 0.6247 V, and n
was found to increase from 16.03% to 16.67%.
These data revealed that I, increases
significantly with Voc unchanged upon
phosphor coating.
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Figure 6 Experimental current-voltage curves for a

representative Si solar cells: (a) without and (b) with
KGP:Eu** phosphor coating.

0.6247 \

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 fort
solar cells coated with and without KCGP:Eu**
phosphor. Table 1 summarizes the comparison
on the average values and standard deviations
of s, Voc, 1, 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, 7, Alsc, AVoc, and An obtained for forty solar
cells with and without coating of KCaGd(PO4),:Eu** investigated in this work.

lo(1) 1e(2) Al Voe(1) Vo2 AV 1y m An (m—m1)
Average 810 8.35 0.25 0.63115 0.63200 0.0085 16.52%  17.00% 0.48 %
Standard

deviation 002 002 0.0010  0.0010 0.0495  0.0517

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 um in thickness, as
revealed in the side-view SEM micrograph.

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(PO.),:Eu®" and demonstrated
that the down-converting KCaGd(PO4),:Eu*
phosphor coated on the surface of a

polycrystalline silicon solar cell can effectively
increase the values of Isc, Voc, and n 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 n 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 7 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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