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A B S T R A C T

Hi g h- q u alit y   si n gl e- c o m p o n e nt   w hit e   p h o s p h or s   ar e  i n str u m e nt al  i n  r e ali zi n g   hi g h- effi ci e n c y   d e vi c e s.   R ar e   e art h  fl u ori d e s   a n d

c ar b o n  q u a nt u m  d ot s  h a v e  gr e at  p ot e nti al i n t h e  w hit e li g ht- e mitti n g  di o d e ( W L E D) fi el d  d u e t o t h eir  u ni q u e  a d v a nt a g e s.  H er e,

R ar e- e art h   si n gl e   at o m   b a s e d   N a G d F 4 : T b3 + / E u3 + @ C: N/ E u 3 +   si n gl e   p h o s p h or   wit h  t u n a bl e  f ull- c ol or  l u mi n e s c e n c e   w a s  r e p ort e d.

T h e  r e s ult s   of   d e n sit y  f u n cti o n al  t h e or y  ( D F T)   c al c ul ati o n   a n d   e x p eri m e nt al   c h ar a ct eri z ati o n   s h o w  t h at   C   at o m s   c a n n ot   b e

r e pl a c e d   b y   E u 3 + ,   b ut   C   at o m s   ar e   m or e  f a v or a bl e  f or   a n c h ori n g   E u3 +   si n gl e   at o m s.   T h e   D F T   w a s   e m pl o y e d  t o   o pti mi z e  t h e

str u ct ur e s   of  t h e   C: N/ E u 3 +   a n d   N a G d F4 : T b3 + / E u3 + ,   a n d   c al c ul at e  t h e   w or k  f u n cti o n,   o pti c al   pr o p erti e s,   a n d   c h ar g e   d e n sit y

diff er e n c e.  T h e  o bt ai n e d t u n a bl e f ull- c ol or  si n gl e  p h o s p h or  c a n  e mit  st a bl e li g ht fr o m  bl u e t o r e d  or  e v e n  w hit e.  T h e  c o n str u ct e d

W L E D  d e vi c e s  al s o  h a v e  st a bl e  a n d  e x c ell e nt  c ol or  p erf or m a n c e, t h at i s,  a  c ol or r e n d eri n g i n d e x  of  u p t o  9 5  a n d  a l o w er  c ol or

t e m p er at ur e,  a n d it  h a s  br o a d  a p pli c ati o n  p o s si biliti e s i n  W L E D s.

K E Y W O R D S

si n gl e  at o m s, l u mi n e s c e n c e,  si n gl e  p h o s p h or,  w hit e li g ht- e mitti n g  di o d e s

 
 

1    I ntr o d u cti o n

W hit e  li g ht- e mitti n g  di o d es  ( W L E Ds)  h a v e  b ec o m e  t h e  m ost
pr o misi n g li g hti n g t ec h n ol o g y a n d al m ost d o mi n at e d t h e c urr e nt
li g hti n g fi el d d u e t o t h eir hi g h e n er g y effici e nc y, l o n g s er vic e lif e,
f ast r es p o ns e s p e e d, a n d hi g h r eli a bilit y [1 – 5 ]. M e a n w hil e, W L E Ds
ar e  als o  t h e  p ot e nti al  c o m p etit ors  i n  t h e  m a n uf act ur e  of  m ulti-
c ol or dis pl a ys, l o w-c ost b ac kli g hti n g of li q ui d cr yst al dis pl a ys, a n d
t h e n e xt g e n er ati o n of li g ht s o urc es i n o ur d ail y li v es. C urr e ntl y,
t h e  m ost  wi d el y  us e d  W L E Ds  ar e  us u all y  m a d e  of  I n G a N  bl u e
c hi ps a n d Y A G: C e 3 + y ell o w p h os p h ors. H o w e v er, t h e dis a d v a nt a g e
of  t his  t y p e  of  W L E Ds  is  t h e  l ac k  of  r e d  li g ht  i n  t h e  e missi o n
s p ectr u m,  w hic h  r es ults  i n  hi g h  c orr el at e d  c ol or  t e m p er at ur e
( C C T), l o w c ol or r e n d eri n g i n d e x ( C RI), a n d bl u e li g ht h az ar ds.
T h e  a b o v e  s h ortc o mi n gs  a n d  h az ar ds  li mit  t h e  pr actic al
a p plic ati o n of W L E D d e vic es b as e d o n bl u e c hi ps [ 6 , 7 ]. I n r ec e nt
y e ars, t o r e d uc e t h e i m p act of bl u e li g ht c hi ps a n d o bt ai n hi g h er-
p erf or m a nc e W L E Ds, r es e arc h ers h a v e t ur n e d t h eir att e nti o n t o
tric ol or e mitti n g p h os p h or w hic h is e xcit e d b y s h ort- w a v el e n gt h
n e ar- ultr a vi ol et li g ht ( N U V) c hi ps [ 8 – 1 3 ].

I n g e n er al, hi g h- q u alit y w hit e li g ht e missi o n c a n b e ac hi e v e d b y
mi xi n g a n d t u ni n g t h e r el ati v e i nt e nsit y of t h e bl u e ( B), gr e e n ( G),
a n d r e d ( R) e missi o n [ 1 4 – 1 7 ]. T h e w hit e li g ht ac hi e v e d b y R/ G/ B
p h os p h ors  h as  a  s m all  c ol or  diff er e nc e  a n d  hi g h  c ol or  p urit y.

Alt h o u g h t his a p pr o ac h c a n ac hi e v e c o or di n at e d w hit e li g ht, it h as
dis a d v a nt a g es  s uc h  as  str o n g  r e a bs or pti o n,  mis m atc h e d  a gi n g
r at es,  a n d  u n e v e n  t h er m al  q u e nc hi n g.  F ort u n at el y,  i n  t er ms  of
s ol vi n g  t h e  a b o v e  pr o bl e ms,  t h e  m et h o d  of  usi n g  a  si n gl e
c o m p o n e nt  t o  e mit  w hit e  li g ht  is  m or e  a d v a nc e d  a n d  is  n o w
r ec ei vi n g m or e a n d m or e att e nti o n. I n or d er t o o v erc o m e t h es e
s h ortc o mi n gs, W L E Ds c o ul d b e f a bric at e d b y c o ati n g w hit e li g ht
si n gl e- p h as e  p h os p h ors  o n  N U V- L E D  c hi ps  b ec a us e  it  h as
a d v a nt a g es  i ncl u di n g  hi g h  C RI,  hi g h  c ol or  st a bilit y,
r e pr o d uci bilit y,  a n d  r e d uc e d  r eti n al  d a m a g e  [1 8 – 2 0 ].  T h er ef or e,
t h e d esi g n a n d d e v el o p m e nt of si n gl e- p h as e s oli d-st at e p h os p h ors
ar e e xtr e m el y i m p ort a nt f or ac hi e vi n g hi g h- effici e nc y W L E Ds a n d
s p e e di n g u p t h eir a p plic ati o ns.

C urr e ntl y, v ari o us m at eri als t h at c a n b e us e d f or W L E Ds h a v e
b e e n  e x pl or e d,  i ncl u di n g  nitri d es,  o xi d es,  m et al − or g a nic
fr a m e w or ks ( M O Fs), a n d p er o vs kit es [2 1 – 2 4 ]. Es p eci all y, c ar b o n
q u a nt u m d ots ( C Q Ds) g e n er all y h a v e t h e c h ar act eristics of hi g h
l u mi n osit y, g o o d st a bilit y, l o w t o xicit y, l o w pr e p ar ati o n c osts, a n d
e as y f u ncti o n aliz ati o n [ 2 5 , 2 6 ]. It h as a dj ust a bl e e missi o n wit h a
n arr o w f ull- wi dt h at h alf- m a xi m u m ( F W H M), w hic h a v oi ds t h e
p h ot o bl e ac hi n g  p h e n o m e n o n  a n d  b ec o m es  a n  attr acti v e  bl u e
e missi o n s o urc e f or L E Ds.

R ar e e art h ( R E) l u mi n esc e nt m at eri als h a v e b e e n i m pl e m e nt e d
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i n  m o d er n  o pt o el ectr o nic  d e vic es  d u e  t o  t h e  u ni q u e  el ectr o nic
str uct ur e, a b u n d a nt e n er g y l e v els, a n d c h ar act eristic e missi o n of
R E i o ns. R E l u mi n esc e nt m at eri als h a v e t h e a d v a nt a g es of wi d e
e missi o n s p ectr u m r a n g e, n arr o w li n e wi dt h e missi o n, a dj ust a bl e
e xcit ati o n  r a n g e,  a n d  st a bl e  p h ysic al  a n d  c h e mic al  pr o p erti es.
T a ki n g  R E  i o ns  as  t h e  l u mi n esc e nc e  c e nt er  is  still  t h e  m ai n
str at e g y  f or  d e v el o pi n g  W L E D  p h os p h ors  wit h  e xc ell e nt  c ol or
q u alit y  a n d  l u mi n esc e nc e  p erf or m a nc e  [ 2 7 , 2 8 ].  N a G d F4 is  a
c o m m o n i d e al h ost m at eri al, w hic h n ot o nl y c a n r e aliz e t h e L n 3 +

d o p a nt  t o  g e n er at e  d o w n-s hift  e missi o n,  b ut  als o  h as  hi g h
p h ot oc h e mic al  st a bilit y,  l o w  p h o n o n  e n er g y,  a n d  hi g h
tr a ns p ar e nc y  i n  t h e  ultr a vi ol et – visi bl e – n e ar  i nfr ar e d
( U V – vis – NI R) r e gi o n [2 9 , 3 0 ]. I n p artic ul ar, it c a n als o m e di at e
e n er g y tr a nsf er a m o n g L n 3 + i o ns. T h er ef or e, N a G d F4 c a n b e d o p e d
wit h L n 3 + ( T b3 + a n d E u3 +) as gr e e n a n d r e d li g ht s o urc es, w hic h c a n
b e e xcit e d b y N U V li g ht t o pr o d uc e e missi o n i n t h e visi bl e li g ht
r e gi o n.  B as e d  o n  t h e  a b o v e  a d v a nt a g es,  t h e  c o m bi n ati o n  of
N a G d F 4: L n3 + a n d  C Q Ds  is  e x p ect e d  t o  pr o d uc e  u n e x p ect e dl y
e xc ell e nt w hit e li g ht e missi o n.

R e d uci n g m et als t o a si n gl e at o m sc al e is a n eff ecti v e str at e g y t o
i m pr o v e  m et al  utiliz ati o n  effici e nc y  [3 1 – 3 6 ].  T h er ef or e,  si n gl e
at o m  m at eri al  h as  attr act e d  gr e at  att e nti o n  as  a  c utti n g- e d g e
m at eri al [ 3 7 ]. A m o n g t h e m, R E si n gl e at o m h as c a us e d e xt e nsi v e
r es e arc h b y r es e arc h ers. T h e u ni q u e str uct ur e of R E m et als o n a
si n gl e at o mic sc al e c a n e n d o w t h e m at eri al wit h a n u n e x p ect e d
p erf or m a nc e,  s uc h  as  g o o d  dis p ersi o n,  gr e at  at o m  utiliz ati o n,
u ni q u e  at o mic  str uct ur e,  a n d  s p eci al  el ectr o nic  pr o p erti es  [ 3 8 ].
At o mic all y  dis p ers e d  m et al  at o ms  ar e  us u all y  a nc h or e d  t o  a
s p ecific  c arri er  t hr o u g h  c h e mic al  b o n di n g  wit h  n ei g h b ori n g
at o ms.  F or  e x a m pl e,  g- C 3N 4 a n d  M O Fs  c a n  eff ecti v el y  a nc h or
si n gl e  at o ms  [3 9 – 4 3 ].  H o w e v er,  t h es e  R E  si n gl e  at o m  m at eri als
wit h e xc ell e nt pr o p erti es ar e m ostl y us e d i n c at al ysis r es e arc h, a n d
t h er e ar e v er y f e w a p plic ati o ns i n t h e fi el d of fl u or esc e nt m at eri als.
F or cl arit y, a c o m p aris o n of t h e c o nt e nts of diff er e nt r ef er e nc es
c o nc er ni n g R E si n gl e at o m m at eri als is list e d i n T a bl e S 1 i n t h e
El ectr o nic S u p pl e m e nt ar y M at eri al ( E S M).

I n  t his  w or k,  a  n o v el  R E  si n gl e  at o m  d o p e d  c o m p osit e
l u mi n esc e nc e  m at eri al  ( N a G d F4: T b3 +/ E u3 +@ C: N/ E u 3 +)  wit h  f ull-
c ol or t u n a bl e e missi o n as w ell as hi g h t h er m al a n d li g ht st a bilit y
w as  r e p ort e d.  T h e  C: N/ E u 3 + wit h  e n h a nc e d  l u mi n esc e nc e  w as
c o m p osit e d  as  a  bl u e  fl u or esc e nt  l a y er  o n  t h e  s urf ac e  of  t h e

N a G d F 4: T b3 +/ E u3 + c or e  wit h  d u al  e missi o n  c e nt ers,  f or mi n g  a
n o v el  c o m p osit e  m at eri al  e mitti n g  w hit e  li g ht.  T h e  d e nsit y
f u ncti o n al t h e or y ( D F T) w as us e d t o o pti miz e t h e str uct ur es of t h e
C: N/ E u 3 + a n d N a G d F4: T b3 +/ E u3 +, a n d c alc ul at e t h e w or k f u ncti o n,
o ptic al pr o p erti es, a n d c h ar g e d e nsit y diff er e nc e. T h e s y nt h esiz e d
N a G d F 4: T b3 +/ E u3 +@ C: N/ E u 3 + n ot  o nl y  h as  g o o d  st a bilit y,  hi g h
l u mi n o us p erf or m a nc e, e xc ell e nt c ol or q u alit y, a n d vis u al eff ects
b ut als o c a n si m ult a n e o usl y e mit r e d, gr e e n, a n d bl u e li g ht, w hic h
s ucc essf ull y  s ol v es  t h e  iss u es  of  W L E D  m ulti-c o m p o n e nt
p h os p h ors. W e c a n n ot o nl y c o nstr uct W L E Ds wit h C Q Ds: N/ E u 3 +

a n d N a G d F 4: T b3 +/ E u3 +, b ut als o dir ectl y c o nstr uct W L E D d e vic es
wit h  t h e  N a G d F 4: T b3 +/ E u3 +@ C: N/ E u 3 + si n gl e  c o m p osit e  m at eri al.
I nt er esti n gl y,  t h e  N U V- p u m p e d  si n gl e  N a G d F4: T b3 +/ E u3 +@ C: N/
E u 3 + p h os p h or- b as e d hi g h- q u alit y W L E D d e vic es wit h a hi g h C RI
of 9 5 a n d a n i d e al C C T of 4, 6 8 8 K w er e o bt ai n e d. As a t u n a bl e f ull-
c ol or  l u mi n esc e nt  m at eri al,  t h e  R E  si n gl e  at o m  b as e d
N a G d F 4: T b3 +/ E u3 +@ C: N/ E u 3 + h as  br o a d  pr os p ects  i n  t h e
a p plic ati o n of W L E D d e vic es. 

2     R es ults a n d dis c ussi o n
 

2. 1     D e si g n  pri n ci pl e s  of  o v er all  w or k

B as e d o n t h e a b o v e c o nsi d er ati o ns, w e h a v e d esi g n e d a n effici e nt
fl u or esc e nt c o m p osit e, w hic h h as t h e a d v a nt a g es of b ot h C: N/ E u3 +

a n d  N a G d F 4: L n3 + m at eri als,  as  s h o w n  i n Sc h e m e  1 .  Firstl y,
N a G d F 4: L n3 + n a n o p articl es w er e s y nt h esiz e d b y t h e s ol v ot h er m al
m et h o d,  a n d  t h e n  N a G d F 4: L n3 + w as  a d d e d  t o  t h e  pr ec urs or
s ol uti o n of C: N/ E u 3 +. Fi n all y, t h e C: N/ E u3 + l a y er w as c o at e d o n t h e
N a G d F 4: L n3 + s urf ac e  t o  f or m  N a G d F4: T b3 +/ E u3 +@ C: N/ E u 3 +

c or e –s h ell  c o m p osit es  t hr o u g h  f urt h er  h y dr ot h er m al  r e acti o n
(Sc h e m e  1( a) ).  As  w e  pr e dict,  t h e  s y nt h esiz e d
N a G d F 4: T b3 +/ E u3 +@ C: N/ E u 3 + c a n  si m ult a n e o usl y  e mit  f ull-c ol or
li g ht  (i ncl u di n g  bl u e,  r e d,  gr e e n,  a n d  w hit e  li g ht),  a n d  e n er g y
tr a nsf er e xists i n t h e c o m p osit e m at eri al (Sc h e m e 1( b) ). T o v erif y
t h e  a p plic ati o n  of  t h e  o bt ai n e d  c o m p osit e  si n gl e- p h as e
N a G d F 4: T b3 +/ E u3 +@ C: N/ E u 3 + w hit e  li g ht- e mitti n g  m at eri al  i n
W L E Ds, t h e N U V- L E D c hi ps w er e us e d t o e xcit e t h e m at eri al t o
o bt ai n W L E D d e vic es, a n d t h e p erf or m a nc e of t h e W L E Ds w as
st u di e d  (Sc h e m e  1(c) ).  T h e  s p ecific  s y nt h esis  m et h o d  a n d
o p er ati o n st e ps ar e s h o w n i n t h e e x p eri m e nt al p art. 

 

C o r e –s h ell st r u ct u r e

Sc h e m e 1      Sc he m atic di a gr a ms. ( a) T he s y nt hesis pr ocess of N a G d F4: T b3 +/ E u3 +@ C: N/ E u 3 +. ( b) E ner g y tr a nsfer pr ocess bet wee n differe nt L n3 + i o ns a n d C l a yer. (c) T he

sc he m atics a n d p h ot o gr a p hs of W L E D de vices.

  2 N a n o R e s.   
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2. 2     D F T  c al c ul ati o n  a n d  di s c u s si o n

W e  p erf or m e d  D F T  c alc ul ati o ns  o n  t h e  r el e v a nt  m at eri als

i n v ol v e d i n t his st u d y. Fi g ur es 1( a) – 1( d)  a n d Fi g. S 1 i n t h e E S M
s h o w t h e o pti miz e d g e o m etric str uct ur es of C 6 4 ( C), C6 0E u 4 ( C E),

C 6 0N 4 ( C N), a n d C5 4N 4E u 4 ( C N E). T h e r es ults s h o w t h at N c a n

e asil y  r e pl ac e  C  a n d  f or m  a  st a bl e  C 6 0N 4 str uct ur e  aft er
o pti miz ati o n.  H o w e v er,  t h e  E u 3 + i o n  c a n n ot  si m pl y  r e pl ac e  t h e

p ositi o n of C t o f or m a st a bl e C 6 0E u 4 ( or C5 4N 4E u 4) str uct ur e. First,

E u 3 + r e pl ac es t h e p ositi o n of C b ef or e o pti miz ati o n. A n d t h e n, E u3 +

l e a v es t h e ori gi n al p ositi o n aft er o pti miz ati o n b ec a us e t h e r a di us of

E u 3 + is m uc h l ar g er t h a n t h at of C, r es ulti n g i n s e v er al d ef ects i n
t h e ( 0 0 1) s urf ac e of C6 0E u 4 ( or C5 4N 4E u 4). I n a d diti o n, w h e n E u3 +

is  l oc at e d  i n  t h e  mi d dl e  of  t h e  c ar b o n  l a y er,  t h e  e n er g y  is  t h e
l o w est;  t h er ef or e,  t h e  str uct ur e  of  C6 0E u 4- b  i n Fi g. S 1( b)  i n  t h e
E S M is t h e m ost st a bl e. T h us, C is m or e f a v or a bl e f or a nc h ori n g
E u 3 + si n gl e  at o ms  r at h er  t h a n  d o pi n g  a n d  r e pl aci n g  C  at o ms,
w hic h is c o nsist e nt wit h o ur pr e vi o us r es ults [ 3 7 ].

Fi g ur es 1( e) – 1( h)  s h o w t h e o pti miz e d g e o m etric str uct ur es of
N a 3G d 3F 1 2 ( N G F),  N a3G d 2E u F 1 2,  N a3G d 2T b F 1 2 ( N G F T),  a n d
N a 3G d E u T b F 1 2 ( N G F T E). T h e c orr es p o n di n g c ell p ar a m et ers ar e
s h o w n  i n  T a bl e  S 2  i n  t h e  E S M.  T h e  l attic e  p ar a m et ers  c h a n g e
sli g htl y  wit h  t h e  diff er e nt  ki n ds  of  R E  i o ns,  w hic h  c a n  b e
attri b ut e d  t o  t h e  diff er e nt  r a dii  of  R E  i o ns.  T h e  b a n d  str uct ur e
( B S) a n d d e nsit y of st at es ( D O S) of N a3G d 3F 1 2 ar e s h o w n i n Fi g.
S 2 i n t h e E S M, a n d t h e b a n d g a p e n er g y of N a 3G d 3F 1 2 is 7. 0 2 2 e V.
Aft er  d o pi n g  wit h  E u 3 + ( or  T b3 +),  t h e  b a n d g a p  b ec o m es  v er y
n arr o w, b ec a us e t h e ric h 4f e n er g y l e v els of E u 3 + ( or T b3 +) f or m
ric h i m p urit y e n er g y l e v els i n N a 3G d 3F 1 2 ( Fi gs. S 3 a n d S 4 i n t h e
E S M).

Fi g ur e 2  s h o ws t h e t h e or etic al si m ul ati o n of o ptic al pr o p erti es
f or  C,  C E,  C N,  C N E,  N a3G d 3F 1 2 ,  N G F E,  N G F T,  N G F T E,  a n d
N G F T E- C N E h et er oj u ncti o n. I n p artic ul ar, t h e di el ectric f u ncti o n
is r el at e d t o t h e el ectr o nic tr a nsiti o n a n d el ectr o nic str uct ur e i n t h e
cr yst al a n d c a n r efl ect t h e b a n d str uct ur e a n d o ptic al pr o p erti es of
t h e  m at eri als.  T h e  i m a gi n ar y  p art  of  t h e  di el ectric  f u ncti o n
d escri b es t h e act u al tr a nsiti o n b et w e e n t h e occ u pi e d st at e a n d t h e
u n occ u pi e d st at e. T h e r es ults i n dic at e t h at t h e o ptic al pr o p erti es of
C,  C E,  C N,  C N E,  N G F,  N G F E,  N G F T,  N G F T E,  ar e  diff er e nt.
T h er ef or e,  w e  c a n  o bt ai n  fl u or esc e nt  m at eri als  wit h  al m ost  a n y
d esir e d  s p ectr al  pr o p ert y  b y  r e as o n a bl y  c o nstr ucti n g  N G F T E-
C N E  h et er oj u ncti o ns,  w hic h  c a n  als o  b e  us e d  i n  v ari o us
o pt o el ectr o nic d e vic es i ncl u di n g W L E Ds.

 

Fi g ur e 1      O pti mize d ge o metric str uct ures of s a m ples: ( a) C6 4, ( b) C6 0E u 4, (c)

C 6 0N 4, ( d) C5 4N 4E u 4, (e) N a3G d 3F 1 2, (f) N a3G d 2E u F 1 2, ( g) N a3G d 2T b F 1 2, a n d ( h)

N a 3G d E u T b F 1 2.
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Fi g ur e 2      T he oretic al si m ul ati o n of o ptic al pr o perties: ( a) a bs or pti o n, ( b) reflecti vit y, (c) refr acti ve i n de x, ( d) refr acti ve i n de x, (e) dielectric f u ncti o n, (f) dielectric

f u ncti o n, ( g) c o n d ucti vit y, ( h) c o n d ucti vit y, a n d (i) l oss f u ncti o n s pectr a.
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Fi g ur es 3( a) – 3(j)  s h o w t h e d ef or m ati o n c h ar g e d e nsiti es of C,
C E,  C N,  C N E,  N G F,  N G F E,  N G F T,  N G F T E,  N G F- C
h et er oj u ncti o n,  a n d  N G F T E- C N E  h et er oj u ncti o n.  H er ei n,  t h e
bl u e ar e a s h o ws t h at t h e el ectr o n d e nsit y is i ncr e asi n g, a n d o n t h e
c o ntr ar y,  t h e  y ell o w  ar e a  is  d ecr e asi n g. Fi g ur e  3( k)  s h o ws  t h e
c orr es p o n di n g  F er mi  l e v els,  v ac u u m  l e v el,  a n d  w or k  f u ncti o ns.
T h e  F er mi  l e v el  c h a n g es  aft er  N  or  E u  d o pi n g.  H er ei n,  t h e
i ncr e as e  of  t h e  F er mi  l e v el  i n dic at es  t h e  i ncr e as e  of  el ectr o n
c o nc e ntr ati o n.  B esi d es,  t h e  v al u es  of  w or k  f u ncti o ns  ar e  6. 1 0 2,
3. 9 5 7, 3. 7 3 3, a n d 3. 3 0 8 e V f or t h e ( 0 0 1) cr yst al pl a n es of C, C E,
C N,  a n d  C N E,  r es p ecti v el y.  T h e  v al u es  of  w or k  f u ncti o ns  ar e
4. 4 4 8, 4. 6 9 8, 4. 7 9 6, a n d 5. 5 1 1 e V f or t h e ( 0 0 1) cr yst al pl a n es of
N G F,  N G F E,  N G F T,  a n d  N G F T E,  r es p ecti v el y.  T h e  v al u es  of
w or k f u ncti o ns ar e 4. 4 8 5 a n d 4. 3 5 9 e V f or t h e ( 0 0 1) cr yst al pl a n es
of  N G F- C,  a n d  N G F T E- C N E  h et er oj u ncti o n,  r es p ecti v el y.  T h e
v al u es of t h e w or k f u ncti o ns of C d ecr e as e aft er N ( or E u) d o pi n g,
w hil e t h e v al u es of t h e w or k f u ncti o ns of N G F i ncr e as e aft er T b
( or E u) d o pi n g. Es p eci all y, t h e c h a n g e of w or k f u ncti o ns b et w e e n
N G F- C  a n d  N G F T E- C N E  h et er oj u ncti o n  dir ectl y  aff ects  t h e
e n er g y  tr a nsf er  b et w e e n  N G F T E  a n d  C N E  i n  N G F T E- C N E
h et er oj u ncti o n, s o t h e l u mi n esc e nt p erf or m a nc e of t h e N G F T E-
C N E  h et er oj u ncti o n  c a n  b e  f urt h er  a dj ust e d,  w hic h  will  b e
disc uss e d i n d et ail l at er. 

2. 3     Str u ct ur al  a n d  m or p h ol o gi c al  c h ar a ct eri z ati o n s

T h e  d et ail e d  s y nt h esis  i nf or m ati o n,  s a m pl e  a b br e vi ati o n,  a n d
C o m missi o n  I nt er n ati o n al e  d e  l' écl air a g e  ( CI E)  c hr o m aticit y
c o or di n at es ar e list e d i n T a bl es S 3 t o S 6 i n t h e E S M.

Fi g ur e  S 5  i n  t h e  E S M  s h o ws  t h e  X-r a y  diffr acti o n  ( X R D)
p att er ns  of  C Q Ds: 3 N/ 5 E u 3 +,  N G F T E- 2. 5 @ C N E,  a n d
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +.  A  br o a d  diffr acti o n  p e a k  n e ar  2 4°  is
attri b ut e d t o t h e r efl ecti o n of t h e ( 0 0 2) cr yst al pl a n e of t h e gr a p hit e
str uct ur e, i n dic ati n g t h at t h e C Q Ds h a v e s o m e c ar b o n m at eri als
wit h gr a p hit e s p 2 c ar b o n at o ms ( Fi g. S 5( a) i n t h e E S M). T h e X R D
p att er ns of N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + a n d N G F T E- 2. 5 @ C N E i n

Fi gs. S 5( b) a n d S 5(c) i n t h e E S M i n dic at e t h at all diffr acti o n p e a ks
of N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + c a n b e i n d e x e d t o h e x a g o n al p h as e β-
N a G d F 4 (J C P D S N o. 2 7- 0 6 9 9). Pl e as e n ot e t h at t h e c ar b o n l a y er
al m ost d o es n ot c a us e t h e s hift of t h e N a G d F 4 diffr acti o n p e a ks.

T h e  tr a ns missi o n  el ectr o n  micr osc o p y  ( T E M)  a n d  hi g h-
r es ol uti o n T E M ( H R T E M) i m a g es of C Q Ds: 3 N/ 5 E u 3 + (Fi gs. 4( a)
a n d 4( b) ) s h o w t h at t h e C Q Ds p articl es h a v e g o o d dis p ersi bilit y
a n d ar e n e arl y s p h eric al, wit h a p articl e siz e of a b o ut 5 n m. T h e
l attic e  fri n g e  s p aci n g  of  t h e  C Q Ds: 3 N/ 5 E u3 + is  a b o ut  0. 2 1  n m,
c orr es p o n di n g  t o  t h e  t y pic al  gr a p hit e  p h as e  ( 1 0 0)  cr yst al  pl a n e,
c o nfir mi n g  t h e  s ucc essf ul  s y nt h esis  of  C Q Ds: 3 N/ 5 E u 3 +.
Fi g ur es 4(c)  a n d 4( d)  ar e t h e T E M a n d H R T E M i m a g es of t h e
c or e –s h ell  str uct ur e  of  N G F T E- 2. 5 @ C N E,  r es p ecti v el y.  T h e
c o m bi n ati o n  of  N a G d F 4: T b3 +/ E u3 + a n d  C Q Ds: N/ E u3 + r e q uir es  a
h y dr ot h er m al  pr oc ess.  D uri n g  t h e  h y dr ot h er m al  pr oc ess,
C Q Ds: N/ E u 3 + s elf- ass e m bl es o n t h e s urf ac e of N a G d F4: T b3 +/ E u3 +,
t h us f or mi n g a c ar b o n l a y er ( C: N/ E u3 +). T h e o ut er s h ell l a y er is
a b o ut 6 n m t hic k, a n d t h e o b vi o us s h ell str uct ur e c orr es p o n ds t o
t h e c ar b o n l a y er. T h e l attic e fri n g e s p aci n g of t h e c or e is 0. 5 2 n m,
c orr es p o n di n g t o t h e ( 1 0 0) cr yst al pl a n e of β- N a G d F 4. T o f urt h er
e x pl or e t h e c or e –s h ell str uct ur e a n d s urf ac e st at e of t h e c o m p osit e
m at eri al, hi g h- a n gl e a n n ul ar d ar k-fi el d sc a n ni n g T E M ( H A A D F-
S T E M) m e as ur e m e nts w er e als o c arri e d o ut, as s h o w n i n Fi gs. 4( e)
a n d 4(f) . It is w ort h n oti n g t h at is ol at e d bri g ht s p ots ar e o bs er v e d
o n  t h e  s urf ac e  of  t h e  m at eri al,  w hic h  i n dic at es  t h at  E u 3 + is
s ucc essf ull y d o p e d i n C Q Ds a n d f or ms a R E si n gl e at o m str uct ur e
i n t h e c ar b o n l a y er. T h e H A A D F- S T E M el e m e nt m a p pi n g i m a g es
i n Fi gs. 4( g)  a n d 4( h)  s h o w t h e pr es e nc e a n d u nif or m distri b uti o n
of  el e m e nts  i n  t h e  c o m p osit e  s a m pl e.  O ur  pr e vi o us  r es ults  als o
s h o w t h at t h e C a n d N el e m e nts c a n a nc h or R E si n gl e at o ms v er y
w ell  [ 3 7 ].  At  pr es e nt,  t h e  c o or di n ati o n  of  a  si n gl e  at o m  is
c h ar act eriz e d  b y  s y nc hr otr o n  r a di ati o n  t ec h n ol o g y,  b ut  t h e
s y nc hr otr o n  r a di ati o n  t est  c a n n ot  b e  p erf or m e d  d u e  t o  t h e  l o w
c o nc e ntr ati o n of R E at o m i n o ur s a m pl es.

T h e  c o m p ositi o ns  of  t h e  C Q Ds: 3 N/ 5 E u 3 +,  N a G d F4: 1 5 % T b3 +/
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Fi g ur e 3      Def or m ati o n c h ar ge de nsit y, c alc ul ate d Fer mi le vels, v ac u u m le vel, a n d w or k f u ncti o ns. T he def or m ati o n c h ar ge de nsities of ( a) C, ( b) C E, (c) C N, ( d) C N E,

(e) N G F, (f) N G F E, ( g) N G F T, ( h) N G F T E, (i) N G F- C heter oj u ncti o n, a n d (j) N G F T E- C N E heter oj u ncti o n (t he bl ue are a s h o ws t h at t he electr o n de nsit y is i ncre asi n g,

o n t he c o ntr ar y, t he yell o w are a is decre asi n g). ( k) C alc ul ate d Fer mi le vels, v ac u u m le vel, a n d w or k f u ncti o ns of ( 1) C, ( 2) C E, ( 3) C N, ( 4) C N E, ( 5) N G F, ( 6) N G F E, ( 7)

N G F T, ( 8) N G F T E, ( 9) N G F- C heter oj u ncti o n, a n d ( 1 0) N G F T E- C N E heter oj u ncti o n.
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1. 5 % E u 3 +,  a n d  N G F T E- 2. 5 @ C N E  n a n oc o m p osit es  w er e
d et er mi n e d b y usi n g e n er g y dis p ersi v e X-r a y ( E D X) a n al ysis, as
s h o w n  i n Fi g. S 6( a) – S 6(c)  i n  t h e  E S M.  T h e  el e m e nts  i n  t h e
N G F T E- 2. 5 @ C N E n a n oc o m p osit es ar e N a, F, G d, T b, E u, C, O,
a n d  N,  w hic h  i n dic at es  t h at  C: 3 N/ 5 E u 3 +  a n d
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + c o- e xist  i n  t h e  N G F T E- 2. 5 @ C N E
n a n oc o m p osit es.

Fi g ur e S 7 i n t h e E S M s h o ws t h e F o uri er tr a nsf or m i nfr ar e d ( F T-
I R)  s p ectr a  of  C Q Ds: 3 N/ 5 E u3 +,  N a G d F4: 1 5 % T b3 +/ 1. 5 % E u3 +,  a n d
N G F T E- 2. 5 @ C N E,  w hic h  ar e  us e d  t o  i d e ntif y  t h e  s urf ac e
f u ncti o n al  gr o u ps  of  n a n o m at eri als.  I n  t h e  F T-I R  s p ectr u m  of
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +, t h e b a n ds at 2, 9 2 8 a n d 2, 8 5 7 c m− 1  ar e
d eri v e d  fr o m  t h e  a ntis y m m etric  a n d  s y m m etric  ali p h atic
str etc hi n g vi br ati o ns of m et h yl e n e gr o u ps ( – C H 2) i n t h e ol eic aci d
m ol ec ul e [ 4 4 ]. T h e s h ar p p e a k ar o u n d 3, 6 1 8 c m − 1  is attri b ut e d t o
t h e – O H str etc hi n g vi br ati o n of et h a n ol. T h e br o a d b a n d b et w e e n
3, 0 0 0 a n d 3, 5 0 0 c m − 1  is d et er mi n e d t o b e t h e str etc hi n g vi br ati o n
of H – O – H a n d N – H. I n a d diti o n, t h e p e a ks at l ess t h a n 6 0 0 c m − 1

c orr es p o n d t o G d – F [ 4 5 ]. It is w ort h n oti n g t h at C Q Ds: 3 N/ 5 E u 3 +

a n d  N G F T E- 2. 5 @ C N E  s h o w  s o m e  si mil ar  c h ar act eristic  p e a ks.
F or N G F T E- 2. 5 @ C N E, t h e p e a k n e ar 1, 5 8 3 c m − 1  is attri b ut e d t o
t h e t e nsil e vi br ati o n of C = O a n d C = C, a n d t h e p e a k c e nt er e d at
1, 3 7 9 c m − 1  is m ai nl y d esi g n at e d as C – N a n d N – H gr o u ps [4 6 ].
T h e p e a k at 8 5 0 c m − 1  is d eri v e d fr o m C H3– N. T h e a b o v e s e v er al
si mil ar c h ar act eristic p e a ks i n dic at e t h at t h er e ar e c ar b o x yl gr o u ps
o n  t h e  s urf ac e  of  C Q Ds: 3 N/ 5 E u 3 + a n d  N G F T E- 2. 5 @ C N E,  a n d
nitr o g e n  m a y  b e  s ucc essf ull y  d o p e d  o n  t h e  s urf ac e  of
C Q Ds: 3 N/ 5 E u 3 + t o f or m st a bl e c h e mic al b o n ds, w hic h als o pr o v es
t h e  c ar b o n  l a y er  c o ati n g  o n  t h e  s urf ac e  of
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +.

T h e  U V – vis  a bs or pti o n  s p ectr a  of  t h e  s a m pl es  ar e  s h o w n  i n
Fi g. S 8  i n  t h e  E S M.  T h e  a bs or pti o n  r a n g e  of
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + is m ai nl y i n t h e U V r e gi o n. A n d t h e
a bs or pti o n p e a ks at 2 7 3 a n d 3 9 5 n m ar e c a us e d b y d o pi n g R E i o ns
[2 2 ]. T h e c o- d o pi n g of R E i o ns gr e atl y e n h a nc es t h e a bs or pti o n
i nt e nsit y.  T h e  U V – vis  a bs or pti o n  s p ectr u m  of  C Q Ds: 3 N/ 5 E u3 +

s h o ws  t w o  a bs or pti o n  p e a ks  at  2 4 5  a n d  3 6 0  n m,  w hic h  c a n  b e
attri b ut e d  t o  t h e  π → π*  tr a nsiti o n  of  C = C  b o n d  a n d  t h e  n → π*
tr a nsiti o n  of  C = O  b o n d  [4 6 ].  T his  c a n  pr o v e  t h at  t h e  c ar b o x yl
f u ncti o n al  gr o u ps  e xist  o n  t h e  s urf ac e  of  c o- d o p e d  C Q Ds.  T his
r es ult is c o nsist e nt wit h t h e F T-I R s p ectr a disc uss e d a b o v e. W h e n
C Q Ds: 3 N/ 5 E u 3 +  is  c o at e d  o n  t h e  s urf ac e  of
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + t o f or m a c ar b o n l a y er, t h e a bs or pti o n
p e a k r a n g e of t h e c o m p osit e s a m pl e m o v es t o w ar d t h e visi bl e li g ht
r e gi o n. T h e a bs or pti o n p e a k of t h e c o m p osit e s a m pl e at ar o u n d
3 6 0 n m is si mil ar t o t h at of C Q Ds: 3 N/ 5 E u 3 +, a n d t h e a bs or pti o n
i nt e nsit y  i n  t h e  visi bl e  li g ht  r e gi o n  gr e at er  t h a n  4 0 0  n m  is
si g nific a ntl y e n h a nc e d. T his c a n als o i n dic at e t h e pr es e nc e of t h e
c ar b o n l a y er o n t h e s urf ac e of N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +.

T h e t h er m o gr a vi m etric a n al ysis ( T G A) w as p erf or m e d b et w e e n
r o o m t e m p er at ur e a n d 8 0 0 ° C, a n d t h e h e ati n g r at e i n t h e air w as
1 0 ° C/ mi n, as s h o w n i n Fi g.  S 9 i n t h e E S M. T h e w ei g ht l oss of t h e
s a m pl e N G F T E- 2. 5 @ C N E b et w e e n 2 0 0 a n d 8 0 0 ° C is a b o ut 9 %,
i n dic ati n g t h at t h e s a m pl e h as r el ati v el y g o o d st a bilit y. As w e all
k n o w,  N a G d F 4 c a n  b e  o xi diz e d  t o  o xi d es  u n d er  t h e  s a m e  t est
c o n diti o ns, a n d t h er e is us u all y littl e w ei g ht l oss. T h us, t h e m ai n
c a us e  of  w ei g ht  l oss  m a y  b e  d u e  t o  t h e  d ec o m p ositi o n  of  t h e
c ar b o n  l a y er  as  s h ells  at  hi g h  t e m p er at ur es.  N 2

a ds or pti o n – d es or pti o n  is ot h er ms  w er e  p erf or m e d  t o  d et er mi n e
t h e s urf ac e ar e a of t h e s a m pl es, as s h o w n i n Fi g. S 1 0 i n t h e E S M.
T h e Br u n a u er – E m m ett – T ell er ( B E T) s urf ac e ar e a ar e 2 0. 8 4 1 2 a n d
1 2. 4 6 2 4  m 2/ g  f or  N a G d F4: 1 5 % T b3 +/ 1. 5 % E u3 + a n d  N G F T E-
2. 5 @ C N E, r es p ecti v el y. T h e s p ecific s urf ac e ar e a of t h e c o m p osit e
n a n o p articl es  b ec o m es  s m all er,  i n  li n e  wit h  e x p ect ati o ns.  T his
m e a ns  t h at  t h e  c ar b o n  l a y er  is  c o at e d  o n  t h e  s urf ac e  of  t h e
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +.

T h e  X-r a y  p h ot o el ectr o n  s p ectr osc o p y  ( X P S)  s p ectr a  of
C Q Ds: 3 N/ 5 E u 3 +,  N G F T E- 2. 5 @ C N E,  a n d  N a G d F4: 1 5 % T b3 +/
1. 5 % E u 3 + ar e  s h o w n  i n Fi g. S 1 1( a)  i n  t h e  E S M.  T h e  si g n als
c o nt ai n e d  i n  t h e  X P S  s p ectr u m  of  N G F T E- 2. 5 @ C N E  c a n  b e
attri b ut e d t o t h e e xist e nc e of N a, F, E u, G d, T b, C, N, a n d O. T h e
a b o v e  r es ults  i n dic at e  t h at  t h e  s urf ac e  of  t h e

 

d

d

Fi g ur e 4      M or p h ol o gic al  c h ar acteriz ati o n  of  s a m ples.  T E M  a n d  H R T E M  i m a ges  of  (( a)  a n d  ( b))  C Q Ds: 3 N/ 5 E u3 +  a n d  ((c)  a n d  ( d))

N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +@ C: 3 N/ 5 E u 3 +. (e) a n d (f) S T E M i m a ges of N a G d F4: 1 5 % T b3 +/ 1. 5 % E u3 +@ C: 3 N/ 5 E u 3 +. ( g) a n d ( h) T he ele me nt al m a p pi n g i m a ges of C, N, O,

F, N a, E u, G d, a n d T b i n N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +@ C: 3 N/ 5 E u 3 +.

  N a n o R e s.   5

 

 

w w w.t h e N a n o R e s e ar c h. c o m |  w w w. S pri n g er. c o m/j o ur n al/ 1 2 2 7 4 |  N a n o R e s e ar c h



N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + is c o at e d wit h a c ar b o n l a y er. Fi g ur es
S 1 1( b)  a n d  S 1 1(c)  i n  t h e  E S M  s h o w  t h e  hi g h-r es ol uti o n  C  1s
s p ectr a  of  C Q Ds: 3 N/ 5 E u 3 + a n d  N G F T E- 2. 5 @ C N E,  r es p ecti v el y.
T h e hi g h-r es ol uti o n C 1s s p ectr a of C Q Ds: 3 N/ 5 E u 3 + s h o w t h at t h e
f o ur  p e a ks  ar e  l oc at e d  at  2 8 4. 6  ( C – C/ C = C),  2 8 6. 1  ( C – O/ C – N),
2 8 8. 6  ( C = O),  a n d  2 9 0. 1  e V  (t h e  gr a p hitiz e d  str uct ur e  π → π*
tr a nsiti o n),  r es p ecti v el y.  C o m p ar e d  wit h  C Q Ds: 3 N/ 5 E u3 +,  t h e
p ositi o ns of C 1s p e a ks of N G F T E- 2. 5 @ C N E s hift, i n dic ati n g t h at
t h er e is el ectr o n tr a nsf er b et w e e n C a n d N o n t h e s urf ac e, w hic h is
c o nsist e nt wit h t h e r es ults of t h e l at er s p ectr al a n al ysis. 

2. 4     O pti c al  p erf or m a n c e

T h e p h ot ol u mi n esc e nc e ( P L) e missi o n i nt e nsit y of C Q Ds is oft e n
aff ect e d b y t h e s urf ac e st at e b ec a us e t h e s urf ac e d ef ects will c h a n g e
t h e e n er g y l e v el str uct ur e t o a c ert ai n e xt e nt, t h er e b y aff ecti n g t h e
tr a nsiti o n of el ectr o ns b et w e e n diff er e nt e n er g y l e v els. T h e d o pi n g
of  at o ms  aff ects  t h e  s urf ac e  f u ncti o n aliz ati o n  a n d  d ef ect  st at e
a dj ust m e nt, w hic h c a n f urt h er aff ect t h e P L i nt e nsit y of t h e C Q Ds.
T h e r es ults s h o w t h at t h e l u mi n esc e nc e i nt e nsit y c a n eff ecti v el y b e
e n h a nc e d b y d o pi n g N a n d E u 3 + i n C Q Ds. As s h o w n i n Fi g.  5( a) ,
t h e e missi o n i nt e nsit y of C Q Ds: E u3 + u n d er 3 6 1 n m e xcit ati o n is
si g nific a ntl y  str o n g er  t h a n  t h at  of  p ur e  C Q Ds,  w hic h  c a n  b e

attri b ut e d t h at t h e E u 3 + d o pi n g i n t h e C Q Ds c a n a dj ust t h e s urf ac e
st at e  d ef ects,  t h er e b y  i ncr e asi n g  t h e  l u mi n o us  i nt e nsit y  of  t h e
C Q Ds. I n a d diti o n, t h e eff ecti v e d o pi n g of N at o ms i n C Q Ds will
als o  b e  of  b e n efit  t o  i m pr o v e  t h e  pr o p ert y  of  C Q Ds  a n d
si g nific a ntl y i ncr e as e t h eir e missi o n i nt e nsit y (Fi g. 5( b) ). A n d t h e n,
t h e  i nfl u e nc e  of  t h e  E u3 + c o nc e ntr ati o n  o n  t h e  fl u or esc e nc e
pr o p ert y  of  C Q Ds: 3 N/ x E u 3 + w as  st u di e d.  T h e  c orr es p o n di n g
e missi o n s p ectr a of t h e C Q Ds: 3 N/ x E u 3 + d o p e d wit h diff er e nt E u3 +

c o nc e ntr ati o ns  ar e  s h o w n  i n Fi g. 5(c) .  T h e  c h ar act eristic  br o a d
e missi o n p e a ks at 4 4 3 n m of C Q Ds w er e o bt ai n e d u p o n 3 8 4 n m
e xcit ati o n. T h e e missi o n of t h e C Q Ds: 3 N/ x E u 3 + i ncr e as es gr a d u all y
wit h  i ncr e asi n g  E u 3 + c o nc e ntr ati o ns  fr o m  0 %  t o  5 %  a n d  t h e n
d ecr e as es  at  hi g h er  E u 3 + c o nc e ntr ati o ns.  T h e  c orr es p o n di n g
e xcit ati o n  s p ectr a  ( λ e x =  4 4 3  n m)  of  C Q Ds:x N  a n d
C Q Ds: 3 N/ x E u 3 + ar e  s h o w n  i n Fi g. S 1 2  i n  t h e  E S M.  A n d  t h e
e xcit ati o n  p e a ks  of  C Q Ds: x N  a n d  C Q Ds: 3 N/ x E u 3 + s hift  sli g htl y.
T h e r es ult s h o ws t h at w h e n N/ E u 3 + is c o- d o p e d, t h e l u mi n esc e nc e
of C Q Ds is f urt h er e n h a nc e d.

I n g e n er al, t h e e missi o n c ol or of t h e T b 3 + a n d E u3 + c o- d o p e d
s a m pl es  c a n  b e  c h a n g e d  fr o m  gr e e n  t o  gr e e n- y ell o w,  y ell o w,
or a n g e-r e d, a n d r e d b y a dj usti n g t h e r el ati v e d o pi n g c o nc e ntr ati o n
of t h e acti v at or i o ns u n d er si n gl e w a v el e n gt h e xcit ati o n. T h er ef or e,

 

τ  = 1, 3 6 6. 2 3 ns

τ  = 6 2 7. 4 8 ns

C Q Ds: x E u 3 + C Q Ds: x N C Q Ds: 3 N/ x E u 3 +

N a G d F 4 : 1 5 % T b3 + /x % E u 3 +N a G d F 4 : 1 5 % T b3 + /x % E u 3 +N a G d F 4 : 1 5 % T b3 + /x % E u 3 +
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Fi g ur e 5      O ptic al perf or m a nce of s a m ples. ( a) E missi o n (λ e x = 3 6 1 n m) s pectr a of C Q Ds a n d C Q Ds: 5 E u3 +. ( b) E missi o n (λ e x = 3 8 4 n m) s pectr a of C Q Ds:x N. (c)

E missi o n ( λ e x = 3 8 4 n m) s pectr a of C Q Ds: 3 N/x E u 3 +. ( d) –(f) E missi o n (λ e x = 2 7 5 n m) a n d e xcit ati o n (λ e m = 5 4 8 a n d 6 1 9 n m) s pectr a of N a G d F4: 1 5 % T b3 +/ x E u3 +. ( g) –(j)

E missi o n  ( λ e x =  2 7 5  n m)  a n d  e xcit ati o n  (λ e m =  4 4 3,  5 4 8,  a n d  6 1 9  n m)  s pectr a  of  N a G d F4: T b3 +/ E u3 +@ C: N/ E u 3 + wit h  differe nt  m ass  r ati os  of  C Q Ds: N/ E u3 + a n d

N a G d F 4: T b3 +/ E u3 +. ( k) L u mi nesce nce dec a y c ur ves of t he N a G d F4: T b3 +/ E u3 + a n d N a G d F4: T b3 +/ E u3 +@ C: N/ E u 3 +. (l) L u mi nesce nce p h ot os of s a m ples i n t he li q ui d u n der

N U V li g ht.
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t o fi n d N a G d F4 n a n ocr yst als wit h t h e b est r ati o of gr e e n a n d r e d
e missi o n  a n d  s uit a bl e  f or  t h e  n e xt  W L E D  a p plic ati o n  r es e arc h,
t hr e e ki n ds of d o pi n g m o d es f or r el e v a nt v erific ati o n a n d s p ectr al
a n al ysis  w er e  c arri e d  o ut.  C o m p ar e d  wit h  t h e  s p ectr a  of
N a G d F 4: T b3 + or N a G d F4: E u3 + ( Fi gs. S 1 3( a) – S 1 3( d)) i n t h e E S M),
t h e p ositi o ns of t h e e missi o n a n d e xcit ati o n p e a ks of E u3 + or T b3 +

d o n ot c h a n g e si g nific a ntl y. T h e G d 3 + c o m p o n e nt i n R E fl u ori d e
n a n ocr yst als h el ps t o tr a nsf er e n er g y fr o m t h e h ost l attic e t o t h e
l u mi n o us c e nt er ( T b3 + a n d E u3 +). It c a n b e s e e n fr o m t h e e xcit ati o n
a n d  e missi o n  s p ectr a  t h at  t h er e  is  a n  o b vi o us  e n er g y  tr a nsf er
p h e n o m e n o n a m o n g G d 3 +, T b3 +, a n d E u3 +. D u e t o t h e pr es e nc e of
G d 3 +, t h e T b3 + a n d E u3 + c a n b e e xcit e d at 2 7 5 n m, a n d t h e e missi o n
p e a ks of T b 3 + a n d E u3 + ar e n arr o w a n d str o n g. It is w ort h n oti n g
t h at r e g ar dl ess of t h e T b3 +/ E u3 + d o pi n g r ati o, t h e e missi o n i nt e nsit y
of  N a G d F 4: T b3 +/ E u3 + is  l o w er  t h a n  t h os e  of  t h e  si n gl e- d o p e d
s a m pl es, w hic h is als o e vi d e nc e of e n er g y tr a nsf er. T o pr o v e t h e
c h a n g e of t h e s y m m etr y of t h e l oc al e n vir o n m e nt ar o u n d E u 3 +, t h e
J u d d- Ofl et (J- O) p ar a m et ers Ω 2 of N a G d F4: E u3 + wit h diff er e nt E u3 +

c o nc e ntr ati o ns fr o m e missi o n s p ectr a w er e c alc ul at e d ( T a bl e S 7 i n
t h e  E S M).  T h e  v al u es  of Ω 2 of  N a G d F4: E u3 + i ncr e as e  wit h
i ncr e asi n g E u3 + c o nc e ntr ati o n, d e m o nstr ati n g t h e s y m m etr y of t h e
l oc al e n vir o n m e nt ar o u n d E u3 + i o ns d ecr e as es wit h i ncr e asi n g E u3 +

c o nc e ntr ati o n.
I n t h e e missi o n s p ectr a of N a G d F4: T b3 +, t h e m a xi m u m e missi o n

i nt e nsit y  is  o bt ai n e d  w h e n  t h e  c o nc e ntr ati o n  of  T b3 + is  1 5 %.
T h er ef or e, f or t h e T b 3 + a n d E u3 + c o- d o p e d N a G d F4 n a n ocr yst als,
t h e d o pi n g r ati o of T b3 + w as first fi x e d t o 1 5 %, a n d t h e i nfl u e nc e of
E u 3 + c o nc e ntr ati o n  o n  t h e  l u mi n esc e nc e  of  T b3 +/ E u3 + c o- d o p e d
N a G d F 4 w as e x pl or e d. As s h o w n i n Fi g. 5( d) , o b vi o us e missi o n at
4 9 3, 5 4 8, 5 8 9, 5 9 4, 6 1 9, 6 2 4, 6 5 4, a n d 7 0 0 n m c a n b e o bs er v e d,
w hic h is m ai nl y d u e t o t h e 5D 0→ 7F J (J = 1 – 4) tr a nsiti o n of E u3 + a n d
t h e 5D 4→ 7F J (J = 6 – 3) tr a nsiti o n of T b3 +. Fi g ur es 5( e)  a n d 5(f)  s h o w
t h e  e xcit ati o n  s p ectr a  of  N a G d F4: T b3 +/ E u3 + b y  m o nit ori n g  t h e
e missi o n at 5 4 8 a n d 6 1 9 n m. T h e e xcit ati o n p e a ks at 2 7 5 a n d 3 1 2
n m c orr es p o n d t o t h e 8S 7/ 2→ 6IJ a n d 8S 7/ 2→ 6P J e n er g y l e v el tr a nsiti o ns
of t h e h ost G d 3 +, r es p ecti v el y. T h e e xcit ati o n p e a ks i n t h e r a n g e of
3 3 0 – 4 0 0  n m  c orr es p o n d  t o  t h e  tr a nsiti o ns  of  T b 3 + a n d  E u3 +.
M o nit ori n g at 6 1 9 n m, t h e e xcit ati o n p e a k of E u 3 + o v erl a ps wit h
t h e e xcit ati o n p e a k of T b3 + p artl y. C o m p ar e d wit h t h e e xcit ati o n
s p ectr u m  b y  m o nit ori n g  5 4 8  n m  ( T b 3 +)  e missi o n,  t h er e  is  a
p artic ul arl y str o n g E u 3 + c h ar act eristic e xcit ati o n p e a k at 3 9 6 n m. It
c a n b e s e e n fr o m t h e e xcit ati o n s p ectr a t h at T b 3 + a n d E u3 + c a n b e
si m ult a n e o usl y  e xcit e d  at  2 7 5,  3 1 2,  3 1 9,  3 4 3,  3 5 4,  3 7 1,  a n d  3 8 0
n m. T h e e missi o n s p ectr a s h o w t h at w h e n t h e T b 3 + c o nc e ntr ati o n
is  fi x e d  at  1 5 %,  i ncr e asi n g  t h e  E u3 + c o nc e ntr ati o n  h as  a  gr e at er
i m p act  o n  t h e  T b3 + l u mi n esc e nc e.  Wit h  i ncr e asi n g  of  E u3 +

c o nc e ntr ati o n, t h e e missi o n p e a k of E u 3 + gr a d u all y i ncr e as es, a n d
t h e e missi o n p e a k of T b3 + gr a d u all y d ecr e as es. T h e e n er g y tr a nsf er
a m o n g G d 3 +, T b3 +, a n d E u3 + is o b vi o us. U ntil t h e c o nc e ntr ati o ns of
T b 3 + a n d  E u3 + s e p ar at el y  r e ac h  1 5 %  a n d  2 %,  t h e  c o nc e ntr ati o n
q u e nc hi n g eff ect b e gi ns t o a p p e ar. T h e a b o v e r es ults i n dic at e t h at
1 5 %  T b 3 + a n d  1 % – 2 %  E u3 + m a y  b e  s uit a bl e  f or  o bt ai ni n g
a p pr o pri at e  r ati os  of  gr e e n  a n d  r e d  e missi o ns  of  N a G d F 4.  T h e
c alc ul at e d J- O p ar a m et ers a n d t h e e missi o n p e a k ar e a r ati os of 5D 0-
7F 2/5D 0-7F 1 fr o m  t h e  e missi o n  s p ectr a  of  N a G d F4: 1 5 % T b3 +/x E u 3 +

wit h diff er e nt E u 3 + c o nc e ntr ati o ns ar e s h o w n i n T a bl e S 8 i n t h e
E S M.  T h e  v al u es  of  Ω 2 of  N a G d F4: 1 5 % T b3 +/x E u 3 + i ncr e as e  wit h
i ncr e asi n g E u3 + c o nc e ntr ati o n.

I n  a d diti o n,  t h e  eff ect  of  T b3 + d o pi n g  c o nc e ntr ati o n  o n  t h e
l u mi n esc e nc e  of  N a G d F4: 1 % E u3 +/x T b 3 + is  als o  e x pl or e d  ( Fi gs.
S 1 4( a) – S 1 4(c) i n t h e E S M). W h e n T b 3 + a n d E u3 + ar e l ess mi x e d
i nt o t h e h ost m atri x (l ess t h a n 5 %), t h e e xcit ati o n p e a k at 2 7 5 n m
d o mi n at es.  As  t h e  d o p e d  T b 3 +/ E u3 + c o nc e ntr ati o n  i ncr e as es,  t h e
l u mi n esc e nc e  i nt e nsit y  i ncr e as es,  a n d  at  a  c o- d o pi n g
c o nc e ntr ati o n of 1 5 % T b 3 + a n d 1 % E u3 +, t h e str o n g est e missi o n is

o bs er v e d  i n  N a G d F 4: T b3 +/ E u3 +.  T h e  r el e v a nt  J- O  p ar a m et ers  ar e
s h o w n i n T a bl e S 9 i n t h e E S M. W e als o e x pl or e d t h e l u mi n esc e nc e
of  N a G d F 4:x T b 3 +/ y E u3 + ( Fi gs.  S 1 4( d) – S 1 4(f)  i n  t h e  E S M).  W h e n
t h e c o nc e ntr ati o n of G d3 + i n t h e m atri x is fi x e d, t h e p h e n o m e n o n
of e n er g y tr a nsf er b ec o m es m or e o b vi o us. Wit h t h e d ecr e as e i n
T b 3 + c o nc e ntr ati o n  a n d  t h e  i ncr e as e  i n  E u3 + c o nc e ntr ati o n,  t h e
e n er g y  tr a nsf er  fr o m  T b 3 + t o  E u3 + gr a d u all y  i ncr e as es,  w hic h
s h ar pl y  i ncr e as es  t h e  E u 3 + e missi o n  at  5 9 5  a n d  6 1 9  n m,  a n d
pr o d uc es  a  m uc h  str o n g er  e missi o n  t h a n  t h e  si n gl e- E u 3 + d o p e d
N a G d F 4. T h e r el e v a nt J- O p ar a m et ers ar e s h o w n i n T a bl e S 1 0 i n
t h e E S M.

I n  or d er  t o  st u d y  t h e  l u mi n esc e nc e  pr o p erti es  of
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +  a n d  C Q Ds: 3 N/ 5 E u3 +  c o m p osit e
m at eri als, w e c arri e d o ut t w o c o ntr ol m et h o ds t o c o ntr ol t h e r ati o
of t h e t w o m at eri als. I n t h e s y nt h esis pr oc ess of c o ntr ol m et h o d 1 ,
t h e m ass of C: 3 N/ 5 E u3 + pr ec urs or w as fi x e d, a n d t h e n a diff er e nt
m ass  of  N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + w as  a d d e d  t o  t h e  pr ec urs or
s ol uti o n  t o  f urt h er  s y nt h esiz e  N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +-
x @ C: 3 N/ 5 E u 3 + ( N G F T E-x @ C N E).  I n  t h e  s y nt h esis  pr oc ess  of
c o ntr ol m et h o d 2,  N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + wit h fi x e d m ass w as
a d d e d  t o  t h e  diff er e nt  m ass es  of  C: 3 N/ 5 E u 3 + pr ec urs or  s ol uti o n,
a n d  t h e n  N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +@ C: 3 N/ 5 E u 3 +-x
( N G F T E @ C N E-x ) w as f urt h er s y nt h esiz e d. Fi g ur e 5( g)  s h o ws t h e
e missi o n s p ectr a of N G F T E- x @ C N E wit h diff er e nt m ass r ati os of
C: 3 N/ 5 E u 3 + a n d N a G d F4: 1 5 % T b3 +/ 1. 5 % E u3 +. T h e e missi o n p e a ks of
C: 3 N/ 5 E u 3 + a n d  N a G d F4: 1 5 % T b3 +/ 1. 5 % E u3 + c a n  b e  o bs er v e d
i nt uiti v el y. B y a l ot of e x p eri m e nt al o pti miz ati o ns, t h e s y nt h esiz e d
c o m p osit e  s a m pl e  h as  al m ost  st a n d ar d  w hit e  e missi o n  o n  t h e
m ai n C C T li n e, as s h o w n i n Fi g. S 1 5( a) i n t h e E S M. W h e n t h e
c o ati n g a m o u nt of C: 3 N/ 5 E u 3 + is l ar g e, t h e bl u e li g ht of C: 3 N/ 5 E u3 +

is str o n g er, a n d it is e as y t o o bt ai n n e utr al li g ht or c o ol w hit e li g ht.
W h e n  t h e  a m o u nt  of  C: 3 N/ 5 E u 3 + is  fi x e d,  t h e  l u mi n esc e nc e
i nt e nsit y of t h e c o m p osit e s a m pl e c h a n g es si g nific a ntl y wit h t h e
a m o u nt of N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +. W h e n t h e a d diti o n a m o u nt
of  N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + is  l ar g e,  t h e  C: 3 N/ 5 E u3 + c o at e d  o n
t h e  s urf ac e  of  N a G d F4: 1 5 % T b3 +/ 1. 5 % E u3 + is  r el ati v el y  l ess;  t h e
c o m p osit e  m at eri al  e mits  b ett er  l u mi n o us  i nt e nsit y  at  t his  ti m e,
a n d  t h e  e missi o n  of  T b 3 +/ E u3 + i o ns  (r e d  a n d  gr e e n  li g ht)  is
d o mi n a nt. F or t h e e xcit ati o n s p ectr a, a br o a d e xcit ati o n b a n d of
2 0 0 – 4 0 0  n m  is  o bs er v e d  ( Fi g. 5( h) ),  w hic h  is  si mil ar  t o  t h e
e xcit ati o n s p ectr u m of C Q Ds: 3 N/ 5 E u 3 + ( Fi g. S 1 2( b) i n t h e E S M).
Fi g ur es  5(i)  a n d 5(j)  c orr es p o n d  t o  t h e  e xcit ati o n  s p ectr a  of
N G F T E- x @ C N E m o nit or e d at 5 4 8 a n d 6 1 9 n m, r es p ecti v el y. T h e
m ai n n arr o w e xcit ati o n p e a ks ar e c o nsist e nt wit h t h e c h ar act eristic
e xcit ati o n p e a ks of T b 3 + a n d E u3 + of N a G d F4. It is w ort h n oti n g
t h at a br o a d e xcit ati o n b a n d a p p e ars at > 4 0 0 n m, w hic h c a n b e
us e d  as  e vi d e nc e  f or  e n er g y  tr a nsf er  fr o m  C: 3 N/ 5 E u 3 + t o
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +.  It  c a n  b e  s e e n  fr o m  t h e  e xcit ati o n
s p ectr a of T b 3 + a n d E u3 + t h at t h e e n er g y tr a nsf er fr o m C: 3 N/ 5 E u3 +

t o T b3 + is m or e t h a n t h at fr o m C: 3 N/ 5 E u3 + t o E u3 +. T h e c alc ul at e d J-
O p ar a m et ers a n d t h e e missi o n p e a k ar e a r ati os of 5D 0-7F 2/5D 0-7F 1

fr o m t h e e missi o n s p ectr a of N G F T E- x @ C N E wit h diff er e nt m ass
r ati os of C: 3 N/ 5 E u 3 + a n d N a G d F4: 1 5 % T b3 +/ 1. 5 % E u3 + ar e s h o w n i n
T a bl e S 1 1 i n t h e E S M. T h e v al u es of Ω 2 of N G F T E-x @ C N E ar e
c h a n g e d.

Fi g ur e  S 1 6  i n  t h e  E S M  s h o ws  t h e  e missi o n  a n d  e xcit ati o n
s p ectr a  of  c o m p osit e  s a m pl es  wit h  fi x e d
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + m ass  a n d  diff er e nt  C: 3 N/ 5 E u3 +.
Diff er e nt  fr o m  t h e  pr e vi o us  m o d e,  w h e n  t h e  a m o u nt  of
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + is  fi x e d,  t h e  e missi o n  i nt e nsit y  of
T b 3 +/ E u3 + i n t h e c o m p osit e s a m pl e c h a n g es l ess. I n t his c as e, t h e
bl u e e missi o n i nt e nsit y of C: 3 N/ 5 E u 3 + is e asi er t o a dj ust. B y a d di n g
m or e C: 3 N/ 5 E u 3 + pr ec urs ors, hi g h er bl u e e missi o n of C: 3 N/ 5 E u3 +

c a n b e o bt ai n e d. T h e CI E c hr o m aticit y c o or di n at e ( 0. 3 3 3, 0. 3 3 6)
cl os e  t o  t h e  st a n d ar d  w hit e  li g ht  e missi o n  w as  o bt ai n e d  ( Fi g.
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S 1 5( b)  i n  t h e  E S M).  T h e  c alc ul at e d  J- O  p ar a m et ers  a n d  t h e
e missi o n  p e a k  ar e a  r ati os  of 5D 0-7F 2/5D 0-7F 1 fr o m  t h e  e missi o n
s p ectr a  i n Fi g. S 1 6( a)  ar e  s h o w n  i n  T a bl e  S 1 2  i n  t h e  E S M.  T h e
v al u es of Ω 2 ar e al m ost u nc h a n g e d.

I n a d diti o n, it s h o ul d b e n ot e d t h at t h e br o a d e xcit ati o n b a n d of
C: 3 N/ 5 E u 3 + o v erl a ps  wit h  t h e  e xcit ati o n  p e a ks  of  L n3 + i o ns.
T h er ef or e, t h er e ar e m ulti pl e ki n ds of si n gl e- w a v el e n gt h e xcit ati o n
pr oc ess es, a n d N a G d F 4: T b3 +/ E u3 + a n d C: 3 N/ 5 E u3 + will b e e xcit e d
si m ult a n e o usl y. Fr o m t h e e missi o n s p ectr u m of N G F T E @ C N E-
1. 5  ( Fi g. S 1 7  i n  t h e  E S M),  it  c a n  b e  s e e n  t h at  as  t h e  e xcit ati o n
w a v el e n gt h i ncr e as es, t h e bl u e e missi o n i nt e nsit y fr o m C: 3 N/ 5 E u 3 +

will i ncr e as e s h ar pl y a n d t h e s a m pl e m ai nl y e mits bl u e li g ht, w hic h
will  l e a d  t o  hi g h  C C T  a n d  l o w  C RI.  T h er ef or e,  alt h o u g h  it  is
p ossi bl e  t o  si m ult a n e o usl y  e xcit e  N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + a n d
C: 3 N/ 5 E u 3 + wit h  m ulti pl e  e xcit ati o n  w a v el e n gt hs  i n  t h e  N U V
r e gi o n  of  2 5 0 – 4 0 0,  a n d  2 7 5  n m  is  t h e  m ost  s uit a bl e  e xcit ati o n
w a v el e n gt h f or o bt ai ni n g w hit e li g ht a n d m a n uf act uri n g W L E D
d e vic es fr o m c o m p osit e m at eri als.

T o f urt h er pr o v e t h e e n er g y tr a nsf er b et w e e n N a G d F 4: T b3 +/ E u3 +

a n d  C: N/ E u 3 +,  t h e  l u mi n esc e nc e  att e n u ati o n  c ur v es  of
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +  a n d  N G F T E- 2. 5 @ C N E  w er e
m e as ur e d. As s h o w n i n Fi g. 5( k) , u n d er e xcit ati o n at 2 7 5 n m, t h e
fl u or esc e nc e lif eti m es of N a G d F4: 1 5 % T b3 +/ 1. 5 % E u3 + a n d N G F T E-
2. 5 @ C N E at 6 1 9 n m ar e 1, 3 6 6. 2 3 a n d 6 2 7. 4 8 ns, r es p ecti v el y. T his
i n dic at es t h at t h er e is a n e n er g y tr a nsf er fr o m N a G d F4: T b3 +/ E u3 + t o
C: N/ E u 3 +. I n s u m m ar y, t h er e ar e s e v er al e n er g y tr a nsf er pr oc ess es:
( 1)  F or  N a G d F4: T b3 +/ E u3 +@ C: N/ E u 3 +,  t h er e  ar e  e n er g y  tr a nsf ers
b et w e e n C: N/ E u 3 + a n d t h e L n3 + i o ns i n N a G d F4: T b3 +/ E u3 +; ( 2) t h er e
is  n o  E u3 + e xcit ati o n  p e a k  i n  t h e  e xcit ati o n  s p ectr a  of  T b3 +,  a n d
t h er e is T b3 + e xcit ati o n p e a k i n t h e e xcit ati o n s p ectr a of E u3 +, w hic h
i n dic at es  t h at  t h er e  is  a n  e n er g y  tr a nsf er  fr o m  T b3 + t o  E u3 +;  ( 3)
t h er e is a G d3 + e xcit ati o n p e a k i n t h e e xcit ati o n s p ectr a of T b3 +/ E u3 +,
s o t h er e is a n e n er g y tr a nsf er fr o m G d 3 + t o T b3 +/ E u3 +. T h e p ossi bl e
e n er g y tr a nsf er m ec h a nis m is ill ustr at e d i n t h e si m plifi e d e n er g y
l e v el di a gr a ms, as s h o w n i n Fi g. S 1 8 i n t h e E S M. Of c o urs e, f or
c o m pl e x m at eri al s yst e ms d o p e d wit h m ulti pl e R E i o ns, t h e e n er g y
tr a nsf er pr oc ess is als o v er y c o m plic at e d, a n d f urt h er r es e arc h is
n e e d e d i n t h e f ut ur e. Fi g ur e 5(l)  s h o ws t h e l u mi n esc e nc e p h ot os of
s a m pl es i n t h e li q ui d u n d er N U V li g ht irr a di ati o n. It c a n b e s e e n
fr o m t h e p h ot os t h at w e o bt ai n e d t h e bl u e, gr e e n, y ell o w, r e d, a n d
w hit e e missi o ns i n d e p e n d e ntl y. 

2. 5     L u mi n e s c e n c e  st a bilit y

W e als o c o n d uct e d l u mi n esc e nc e st a bilit y a n al ysis, b ec a us e t h e
o ptic al st a bilit y of t h e m at eri al is of c o nsi d er a bl e si g nific a nc e f or
pr actic al a p plic ati o ns. W e st u di e d t h e t e m p er at ur e-r el at e d o ptic al
pr o p erti es of N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 +@ C: 3 N/ 5 E u 3 +. Fi g ur e 6( a)
s h o ws  t h e  l u mi n esc e nc e  e missi o n  s p ectr a  of  t h e  N G F T E-
2. 5 @ C N E n a n oc o m p osit es at diff er e nt t e m p er at ur es. Fi g ur e 6( b)
s h o ws t h e t e m p er at ur e- d e p e n d e nt f u ncti o n c orr es p o n di n g t o t h e

i nt e gr at e d i nt e nsit y of t h e bl u e, gr e e n, a n d r e d e missi o n i nt e nsiti es
of N G F T E- 2. 5 @ C N E. As t h e t e m p er at ur e i ncr e as es, t h e i nt e nsiti es
of t h e bl u e, gr e e n, a n d r e d e missi o n p e a ks d ecr e as e sli g htl y. T h e
r es ults  s h o w  t h at  t h e  N G F T E- 2. 5 @ C N E  c o m p osit e  h as  g o o d
l u mi n esc e nc e t h er m al st a bilit y. T h e c alc ul at e d J- O p ar a m et ers a n d
t h e i nt e gr at e d e missi o n p e a k ar e a r ati os of 5D 0-7F 2/5D 0-7F 1 fr o m t h e
e missi o n s p ectr a i n Fi g. 6( a)  ar e s h o w n i n T a bl e S 1 3 i n t h e E S M.
T h e v al u es of Ω 2 ar e al m ost u nc h a n g e d wit h t e m p er at ur e.

F or L E D d e vic es, t h e l u mi n esc e nc e st a bilit y of t h e s a m pl e u n d er
N U V  li g ht  irr a di ati o n  is  t h e  b asis  f or  e x pl ori n g  its  pr actic al
a p plic ati o n.  T h er ef or e,  w e  h a v e  als o  e x pl or e d  t h e  l u mi n esc e nc e
st a bilit y  of  C Q Ds: 3 N/ 5 E u 3 +,  N a G d F4: 1 5 % T b3 +/ 1. 5 % E u3 +,  a n d
N G F T E- 7. 5 @ C N E  u n d er  N U V  li g ht  irr a di ati o n,  as  s h o w n  i n
Fi gs.  6(c) – 6( g) .  T h e  r es ults  s h o w  t h at  t h e  s a m pl es  h a v e  g o o d
st a bilit y u n d er N U V r a di ati o n a n d gr e at a p plic ati o n p ot e nti al i n
W L E Ds.  T h e  c alc ul at e d  J- O  p ar a m et ers  a n d  t h e  i nt e gr at e d
e missi o n  p e a k  ar e a  r ati os  of 5D 0-7F 2/5D 0-7F 1 fr o m  t h e  e missi o n
s p ectr a i n Fi gs. 6( e)  a n d 6( g)  ar e s h o w n i n T a bl es S 1 4 a n d S 1 5 i n
t h e E S M. T h e v al u es of Ω 2 ar e al m ost u nc h a n g e d, i n dic ati n g t h at
t h e  s a m pl es  h a v e  g o o d  l u mi n esc e nc e  st a bilit y  u n d er  N U V  li g ht
irr a di ati o n. 

2. 6     A p pli c ati o n s i n  W L E D s

W e  c a n  n ot  o nl y  c o nstr uct  W L E Ds  wit h  C Q Ds: N/ E u 3 +,
N a G d F 4: T b3 +,  a n d  N a G d F4: E u3 +,  b ut  als o  dir ectl y  c o nstr uct
W L E Ds  wit h  N a G d F 4: T b3 +/ E u3 +@ C: N/ E u 3 + si n gl e  c o m p osit e
m at eri al. T o pr e dict t h e a p plic ati o n p ossi biliti es of t h e c o m p osit e
W L E Ds, w e t o o k bl u e ( C Q Ds: N/ E u 3 +) e missi o n as t h e c alc ul ati o n
st a n d ar d,  a n d  c o ntr oll e d  t h e  e missi o n  r ati o  of  gr e e n
( N a G d F4: T b3 +)  a n d  r e d  ( N a G d F4: E u3 +)  l u mi n esc e nt  m at eri als  t o
m a n uf act ur e W L E Ds. T h e w hit e li g ht e missi o n wit h C RI gr e at er
t h a n 9 0 a n d a dj ust a bl e C C T, circ a di a n acti o n f act or ( C A F) a n d
l u mi n o us effic ac y of r a di ati o n ( L E R) w as o bt ai n e d. T h e sc h e m atic
di a gr a m  of  t h e  W L E D  d e vic es  a n d  t h e  s p ectr a  us e d  f or
o pti miz ati o n ar e s h o w n i n Fi gs. 7( a)  a n d 7( b) , r es p ecti v el y. Fi g ur es
7(c) – 7( h)  a n d T a bl e S 1 6 i n t h e E S M s u m m ariz e a n d pr es e nt t h e
o ptic al  pr o p erti es  o bt ai n e d  b y  e xt e nsi v e  c alc ul ati o ns  a n d
o pti miz ati o ns. As s h o w n i n Fi g.  7(c) , t h e C C T v al u e i ncr e as es as
t h e  r ati o  of  C Q Ds: N/ E u3 + t o  N a G d F4: T b3 + a n d  N a G d F4: E u3 +

e missi o n i nt e nsit y i ncr e as es. T h er ef or e, t o o bt ai n w hit e li g ht wit h a
l o w er  c ol or  t e m p er at ur e,  m or e  gr e e n  a n d  r e d  li g ht  e missi o n
s h o ul d b e us e d w hil e r e d uci n g bl u e li g ht e missi o n. C A F st a n ds f or
t h e i m p act of w hit e li g ht o n h u m a n h e alt h. As s h o w n i n Fi g. 7( d) ,
t h e  C A F  i ncr e as es  as  t h e  r ati o  of  C Q Ds: N/ E u3 + t o  N a G d F4: T b3 +

a n d N a G d F 4: E u3 + e missi o n i nt e nsit y i ncr e as es. L E R is a p ar a m et er
t h at r efl ects vis u al p erf or m a nc e. T h e hi g h er t h e L E R, t h e b ett er t h e
vis u al p erf or m a nc e. As s h o w n i n Fi g. 7( e) , t h e L E R n e arl y li n e arl y
d e p e n ds  o n  t h e  r ati o  of  C Q Ds: N/ E u 3 + t o  N a G d F4: T b3 + a n d
N a G d F 4: E u3 + e missi o n,  a n d  t h e  L E R  d ecr e as es  as  t h e  r ati o
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i ncr e as es. I n a d diti o n, w e als o disc uss e d t h e f u ncti o n al r el ati o ns hi p
b et w e e n C C T, C A F a n d L E R, as s h o w n i n Fi gs. 7(f) – 7( h) . It c a n
b e  s e e n  t h at  t h e  r el ati o ns hi p  b et w e e n  C C T,  C A F  a n d  L E R  is
al m ost  li n e ar.  C C T  i ncr e as es  wit h  t h e  i ncr e as e  of  C A F.  L E R
d ecr e as es wit h t h e i ncr e as e of C A F. C C T als o d ecr e as es wit h t h e
i ncr e as e  of  L E R.  T h e  c alc ul ati o n  r es ults  s h o w  t h at  t h e  o bt ai n e d
w hit e li g ht e missi o n h as t h e a d v a nt a g es of e xc ell e nt c ol or q u alit y,
gr e at vis u al p erf or m a nc e, a n d a dj ust a bl e c ol or t e m p er at ur e, w hic h
als o pr o vi d es t h e or etic al s u p p ort f or s u bs e q u e nt r es e arc h.

W e  als o  f a bric at e d  W L E D  d e vic es  wit h  a dj ust a bl e  c ol or
t e m p er at ur e b y d e p ositi n g N a G d F4: T b3 +/ E u3 +@ C: N/ E u 3 + c o m p osit e
m at eri als  o n  2 7 5  n m  N U V- L E D  c hi ps.  As  disc uss e d  a b o v e,
c h a n gi n g t h e c o m p osit e r ati o of N a G d F 4: T b3 +/ E u3 + a n d C: N/ E u3 + is
t h e  m ost  dir ect  w a y  t o  c h a n g e  t h e  R/ G/ B  e missi o n  r ati o  of  t h e
s a m pl e,  w hic h  is  als o  a  f e asi bl e  sc h e m e  f or  o bt ai ni n g  f ull-c ol or
( R/ G/ B/ W) e missi o n. I n t his w a y, t h e s p ectr a o bt ai n e d b y usi n g
t h e  c o m p osit e  s a m pl es  t o  t h e  N U V- L E D  c hi ps  h a v e  t h e
c h ar act eristic e missi o n of t h es e s a m pl es. I n a d diti o n t o c h a n gi n g
t h e C C T of t h e W L E D b y usi n g s a m pl es wit h diff er e nt c o m p osit e
r ati os,  c h a n gi n g  t h e  v olt a g e  a p pli e d  t o  t h e  d e vic e  is  als o  a n
eff ecti v e  w a y  t o  c h a n g e  t h e  C C T  of  t h e  W L E D,  w hic h  will  b e
disc uss e d  i n  d et ail  l at er.  B y  t h e  a b o v e  t w o  m et h o ds,  w e  us e d
s a m pl es wit h diff er e nt c o m p osit e r ati os a n d c h a n g e d t h e v olt a g es
t o o bt ai n W L E D d e vic es wit h c o ol w hit e li g ht ( L E D- 1), n e utr al
w hit e li g ht ( L E D- 2, L E D- 3, L E D- 4, a n d L E D- 5), a n d w ar m w hit e
li g ht  ( L E D- 6).  T h e  c orr es p o n di n g  e missi o n  s p ectr a,  s y nt h esis
i nf or m ati o n,  a n d  r el at e d  CI E  c hr o m aticit y  c o or di n at es  of  t h e
m at eri als us e d i n L E D- 4 a n d L E D- 6 ar e s h o w n i n Fi g. S 1 9 i n t h e
E S M. T h e s p ectr a of t h e W L E Ds ar e s h o w n i n Fi g. 8( a) . T h e CI E
c hr o m aticit y c o or di n at es of t h e W L E Ds ar e l oc at e d o n t h e w hit e
li g ht  l oc us  (Fi g. 8( b) ).  T a bl e  S 1 7  i n  t h e  E S M  s u m m ariz es  t h e
d et ail e d p erf or m a nc e of W L E Ds c o m p os e d of diff er e nt s a m pl es.
As  e x p ect e d,  t h e  C RI  of  W L E Ds  is  b et w e e n  9 1  a n d  9 5  a n d
pr o d uc es  diff er e nt  C C Ts  i n  t h e  r a n g e  of  3, 5 6 8 – 6, 5 6 2  K,  wit h
e xc ell e nt c ol or q u alit y a n d s uit a bl e C C T. T h e o bt ai n e d L E D- 2 h as
a ( 0. 3 3 7. 0. 3 3 9) CI E c hr o m aticit y c o or di n at e (cl os e t o t h e st a n d ar d
w hit e  p oi nt);  t h e  C RI  is  u p  t o  9 3,  a n d  t h e  C C T  is  5 3 1 9  K.  I n
a d diti o n,  t h e  C RI  of  L E D- 3  is  u p  t o  9 5,  a n d  L E D- 6  h as  a n
e xtr e m el y s m all D u v  of 0. 0 0 0 6 a n d a m a xi m u m L E R of 3 2 2 l m/ W,
w hic h  s h o ws  t h at  t h e  p erf or m a nc e  of  W L E Ds  is  e xc ell e nt.  T h e
c alc ul at e d  J- O  p ar a m et ers  a n d  t h e  e missi o n  p e a k  ar e a  r ati os  of
5D 0-7F 2/5D 0-7F 1 fr o m t h e e missi o n s p ectr a i n Fi g. 8( a)  ar e s h o w n i n
T a bl e S 1 8 i n t h e E S M. T h e v al u es of Ω 2 ar e diff er e nt f or diff er e nt
W L E D d e vic es.

I n or d er t o f urt h er st u d y t h e st a bilit y of t h e o bt ai n e d W L E D
d e vic es, t h e ti m e- d e p e n d e nt l u mi n esc e nc e of t h e W L E D d e vic es

w as t est e d ( Fi g. 8(c) ). T h e li g ht i nt e nsit y d ec a y r at e of t h e o bt ai n e d
W L E D d e vic es is sl o w ( Fi g. 8( d) ), w hic h pr o v es t h at t h e W L E D
d e vic es h a v e g o o d st a bilit y. T h e c alc ul at e d J- O p ar a m et ers a n d t h e
e missi o n  p e a k  ar e a  r ati os  of 5D 0-7F 2/5D 0-7F 1 fr o m  t h e  e missi o n
s p ectr a i n Fi g.  8(c)  ar e s h o w n i n T a bl e S 1 9 i n t h e E S M. T h e v al u es
of Ω 2 c h a n g e sli g htl y wit h ti m e.

W e als o e x pl or e d t h e eff ect of a p pli e d v olt a g e o n W L E D li g ht
e missi o n b y c h a n gi n g t h e v olt a g e a p pli e d t o t h e d e vic es, as s h o w n
i n Fi g. 9( a) .  As  t h e  a p pli e d  v olt a g e  i ncr e as es,  t h e  l u mi n esc e nc e
i nt e nsit y of t h e s a m pl e will i ncr e as e, gr a d u all y c h a n gi n g fr o m c ol d
w hit e  li g ht  t o  n e utr al  w hit e  li g ht.  W h e n  t h e  v olt a g e  is  l o w,  t h e
e missi o n  m ai nl y  c o m es  fr o m  C: 3 N/ 5 E u 3 +,  w hic h  i n dic at es  t h at
C: 3 N/ 5 E u 3 + is e asi er t o e xcit e at a r el ati v el y l o w v olt a g e. T h e n, as
t h e  a p pli e d  v olt a g e  i ncr e as es,  t h e  e missi o n  of
N a G d F 4: 1 5 % T b3 +/ 1. 5 % E u3 + will  b e  cl e ar er.  T his  i n dic at es  t h at
hi g h er  a p pli e d  v olt a g e  is  r e q uir e d  t o  o bt ai n  w hit e  li g ht  wit h  a
l o w er c ol or t e m p er at ur e. T h e c alc ul at e d J- O p ar a m et ers a n d t h e
e missi o n  p e a k  ar e a  r ati os  of 5D 0-7F 2/5D 0-7F 1 fr o m  t h e  e missi o n
s p ectr a i n Fi g. 9( a)  ar e s h o w n i n T a bl e S 2 0 i n t h e E S M. T h e v al u es
of Ω 2 i ncr e as e sli g htl y wit h t h e v olt a g es. I n s u m m ar y, t h e W L E D
d e vic es wit h a wi d e C C T r a n g e t h at w e h a v e o bt ai n e d s h o w gr e at
p ot e nti al  i n  W L E D  a p plic ati o ns  b y  N a G d F 4: T b3 +/ E u3 +@ C: N/ E u 3 +

si n gl e  p h os p h ors  d u e  t o  t h eir  e xc ell e nt  c ol or  q u alit y  a n d  vis u al
p erf or m a nc e.

I n a d diti o n t o W L E Ds, w e als o pr o d uc e d gr e e n, y ell o w- gr e e n,

 

R  = IC Q /IN a G d F 4 : T b, E u

R  = IC Q /IN a G d F 4 : T b, E u

R  = IC Q /IN a G d F 4 : T b, E u

IC Q /IN A G d F 4 : T b, E u

IC Q /IN A G d F 4 : T b, E u IC Q /IN a G d F 4 : T b, E u

C C T = 3, 1 5 8 + 3, 5 1 4 R  + 1 6, 8 3 1R 2

C A F = 3 3 1 −  1 6 3R  + 2 8 R 2

C A F = 0. 3 8 +  1. 7 0R − 0. 3 3 R 2

C C T = 1 1 4, 6 9 1 − 6 7 2 C A F

+ 1. 0 C A F 2

L E R = 3 6 7 −  9 5 C A F

−  0. 8 C A F2

C C T = 4, 8 6 3. 5 3 − 7, 3 3 4. 1 1 C A F

+ 9, 6 5 7. 9 5 C A F 2

Fi g ur e 7      T he c alc ul ate d perf or m a nce of W L E Ds c o nstr ucte d wit h C Q Ds: N/ E u3 +, N a G d F4: T b3 +, a n d N a G d F4: E u3 +. ( a) T he sc he m atic ill ustr ati o n of W L E Ds. ( b) T he

o pti mize d e missi o n s pectr a of t he C Q Ds: N/ E u 3 +, N a G d F4: T b3 +, a n d N a G d F4: E u3 +. T he C C T (c), C A F ( d), a n d L E R (e) c h a n ge wit h t he e missi o n r ati o of C Q D: N/ E u3 + t o

N a G d F 4: T b3 + a n d N a G d F4: E u3 +. T he C C T (f) a n d L E R ( g) as a f u ncti o n of C A F. ( h) C C T as a f u ncti o n of L E R. T he c ol or b ar i n dic ates t he C RI wit h c orres p o n di n g

C C T.

 

1, 5 0 0

1, 0 0 0

y

x

6, 5 6 2
5, 3 1 9

4, 6 8 8
4, 2 0 9

3, 8 6 1
3, 5 6 8

Fi g ur e 8      Perf or m a nce  of  W L E Ds  c o nstr ucte d  wit h  w hite  e mitti n g

N a G d F 4: T b3 +/ E u3 +@ C: N/ E u 3 + si n gle  p h os p h ors.  ( a)  a n d  ( b)  L u mi nesce nce

s pectr a of L E Ds a n d t heir CI E c hr o m aticit y di a gr a m of W L E Ds wit h differe nt

C C Ts.  (c)  a n d  ( d)  T he  ti me- de pe n de nt  l u mi nesce nce  a n d  t he  i nte gr ate d

e missi o n i nte nsit y of L E D- 3 ( 6. 2 V) as a f u ncti o n of ti me.
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y ell o w, or a n g e-r e d, a n d r e d L E Ds. T h e c ol or of t h e L E Ds d e vic es
c a n b e a dj ust e d b y a dj usti n g t h e c o nc e ntr ati o n r ati o of T b 3 +/ E u3 +.
T h e  o bt ai n e d  m ulti-c ol or  li g ht- e mitti n g  di o d e  h as  g o o d
p erf or m a nc e.  T h e  r el at e d  v ari a bl e  v olt a g e  e missi o n  s p ectr a  a n d
p h ot os ar e s h o w n i n Fi gs. 9( b) – 9(f) . Si mil ar t o t h e W L E D d e vic es,
t h e  e missi o n  i nt e nsit y  of  t h e  W L E D  gr a d u all y  i ncr e as es  as  t h e
a p pli e d v olt a g e i ncr e as es. T h e c alc ul at e d J- O p ar a m et ers a n d t h e
e missi o n  p e a k  ar e a  r ati os  of 5D 0-7F 2/5D 0-7F 1 fr o m  t h e  e missi o n
s p ectr a i n Fi gs. 9(c) – 9(f)  ar e s h o w n i n T a bl es S 2 1 – S 2 4 i n t h e E S M.
T h e v al u es of Ω 2 i ncr e as e sli g htl y wit h t h e v olt a g es. 

3     C o n cl usi o ns

C o m bi ni n g m o n oc hr o m atic fl u or esc e nt m at eri als t o o bt ai n si n gl e-
p h as e w hit e li g ht c o m p osit e m at eri als wit h e xc ell e nt p erf or m a nc e
is  a n  i m p ort a nt  p art  of  pr o m oti n g  t h e  d e v el o p m e nt  of  W L E D
a p plic ati o ns. I n s u m m ar y, t h e D F T w as e m pl o y e d t o o pti miz e t h e
str uct ur es of t h e C: N/ E u 3 + a n d N a G d F4: T b3 +/ E u3 +, a n d c alc ul at e t h e
w or k f u ncti o n, o ptic al pr o p erti es, a n d c h ar g e diff er e nti al d e nsit y.
T h e r es ults of D F T c alc ul ati o n a n d e x p eri m e nt al c h ar act eriz ati o n
s h o w t h at C at o ms c a n n ot b e r e pl ac e d b y E u 3 +, b ut C at o ms ar e
m or e  f a v or a bl e  f or  a nc h ori n g  E u 3 + si n gl e  at o ms.  A n d  t h e
h et er oj u ncti o n  of  t h e  C: N/ E u 3 + a n d  N a G d F4: T b3 +/ E u3 + w as
s ucc essf ull y c o nstr uct e d, w hic h pr o v e d t h e s u p eri orit y of t his n e w
t y p e  of  c o m p osit e  m at eri al.  T h e  N a G d F4: T b3 +/ E u3 +@ C: N/ E u 3 +

c o m p osit e m at eri al w as s ucc essf ull y s y nt h esiz e d b y s ol v ot h er m al
m et h o d  a n d  h y dr ot h er m al  m et h o d.  T o  f urt h er  r es e arc h  o n  t h e
l u mi n esc e nc e  pr o p erti es,  it  is  c o nfir m e d  t h at  t h e  c o m p osit e
m at eri al c o m bi n es t h e str uct ur e a n d l u mi n esc e nc e c h ar act eristics
of C: N/ E u 3 + a n d N a G d F4: T b3 +/ E u3 +. T h e H R T E M i m a g es pr o v e d
t h at t h e C Q Ds f or m e d a c ar b o n l a y er o n t h e s urf ac e of N a G d F4

p articl es.  T hr o u g h  t h e  H A A D F- S T E M  i m a g es  s h o oti n g  of  t h e
c o m p osit e m at eri al, it is f o u n d t h at t h e E u 3 + si n gl e at o m str uct ur e
is f or m e d i n t h e s urf ac e c ar b o n l a y er, w hic h als o c o nfir ms t h at t h e
nitr o g e n-c o nt ai ni n g c ar b o n m at eri al is b e n efici al t o a nc h ori n g t h e
R E si n gl e at o ms. T h e e x p eri m e nt al r es ults s h o w t h at N/ E u 3 + c a n
e n h a nc e t h e l u mi n o us i nt e nsit y of C Q Ds. W e b eli e v e t h at b uil di n g
a R E si n gl e- at o m str uct ur e m a y b e a n e w str at e g y t o i m pr o v e t h e
l u mi n esc e nc e of nitr o g e n-c o nt ai ni n g c ar b o n m at eri als. Fi n all y, b y
t u ni n g t h e c o- d o pi n g c o nc e ntr ati o n of T b3 + a n d E u3 + i n N a G d F4
a n d t h e mi xi n g r ati o of C: N/ E u 3 +, t h e e missi vit y of r e d, gr e e n, a n d
bl u e  w as  s ucc essf ull y  a dj ust e d  t o  m a k e  t h e

N a G d F 4: T b3 +/ E u3 +@ C: N/ E u 3 + c o m p osit e  m at eri al  h a v e  e xc ell e nt
c ol or q u alit y a n d w hit e li g ht. T his n e w f u ncti o n al R E l u mi n esc e nt
m at eri al h as s ucc essf ull y r e aliz e d t h e W L E D d e vic es wit h e xc ell e nt
c ol or  p erf or m a nc e  ( C RI  is  u p  t o  9 5)  a n d  c o ntr oll a bl e  C C T
( 3, 5 6 8 – 6, 5 6 2 K). It is c o nfir m e d t h at t h e y h a v e gr e at p ot e nti al i n
W L E D a p plic ati o ns. 

A c k n o wl e d g e m e nts

T his  w or k  w as  s u p p ort e d  b y  t h e  N ati o n al  N at ur al  Sci e nc e
F o u n d ati o n of C hi n a ( N os. 2 1 8 7 1 0 7 9 a n d 1 1 7 7 4 1 2 8), t h e N at ur al
Sci e nc e  F o u n d ati o n  of  S h a n d o n g  Pr o vi nc e  ( N os.  Z R 2 0 1 8J L 0 0 3
a n d  2 0 1 9 KJJ 0 0 3),  a n d  t h e  N ati o n al  Sci e nc e  F o u n d ati o n  ( N o.
1 9 4 5 5 5 8).

El ectr o nic  S u p pl e m e nt ar y  M at eri al :  S u p pl e m e nt ar y  m at eri al
( e x p eri m e nt al  s ecti o n,  d et ail e d  c h ar act eriz ati o n,  s p ectr al
o pti miz ati o n, a n d c o m p ut ati o n al d et ails) is a v ail a bl e i n t h e o nli n e
v ersi o n of t his articl e at htt ps:// d oi. or g/ 1 0. 1 0 0 7/s 1 2 2 7 4- 0 2 1- 3 8 8 6- x.
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Fi g ur e 9      E missi o n s pectr a of w hite a n d m ultic ol or L E D de vices at differe nt v olt a ges: ( a) w hite ( N G F T E- 7. 5 @ C N E), ( b) gree n ( N a G d F4: 1 5 % T b3 +), (c) yell o w- gree n
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L E Ds, res pecti vel y. T he ill ustr ati o ns are t he c orres p o n di n g p h ot o gr a p hs wit h a v olt a ge of 6. 5 V.
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