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P h ot o v olt ai c s ( P V) i s t h e l e a di n g r e n e w a bl e e n er g y h ar v e sti n g t e c h n ol o g y. T h u s, t h er e i s a r e m ar k a bl e stri v e t o 

e n h a n c e t h e li g ht h ar v e sti n g c a p a bilit y of t h e st at e- of-t h e- art s ol ar c ell s. T h e m aj or i s s u e c o m m o n t o all s ol ar c ell 

t y p e s i s t h at t h e y utili z e o nl y a li mit e d p orti o n of t h e s ol ar s p e ctr u m, m o stl y i n t h e vi si bl e r a n g e, a s t h e a cti v e 

s e mi c o n d u ct or m at eri al s s uff er fr o m i ntri n si c li g ht a b s or pti o n t hr e s h ol d s. A s a r e s ult, p h ot o n s b el o w a n d a b o v e 

t h e s e t hr e s h ol d v al u e s d o n ot c o ntri b ut e t o t h e el e ctri cit y g e n er ati o n. A pl a u si bl e s ol uti o n t o e n h a n c e t h e p er -

f or m a n c e i s t o i nt e gr at e t h e P V c ell wit h a n u p c o n v erti n g ( U C) c o m p o n e nt c a p a bl e of h ar v e sti n g l o w er e n er g y 

p h ot o n s i n t h e i nfr ar e d (I R) r a n g e a n d e mitti n g vi si bl e li g ht. T h e c o n c e pt w a s fir st i ntr o d u c e d i n 1 9 9 0 s, b ut m aj or 

pr o gr e s s i n t h e fi el d h a s b e e n m a d e i n p arti c ul ar i n t h e r e c e nt f e w y e ar s. I n t hi s o v er vi e w o ur i nt e nti o n i s t o 

pr o vi d e t h e r e a d er s wit h a c o m pr e h e n si v e a c c o u nt of t h e pr o gr e s s i n t h e r e s e ar c h o n t h e U C- e n h a n c e d s ol ar c ell s. 

L a nt h a ni d e i o n s e m b e d d e d i n diff er e nt h o st l atti c e s c o n stit ut e t h e m o st i m p ort a nt U C m at eri al f a mil y r el e v a nt t o 

t h e  P V  t e c h n ol o g y;  w e  fir st  s u m m ari z e  t h e  d e si g n  pri n ci pl e s  a n d  f a bri c ati o n  r o ut e s  of  t h e s e  m at eri al s.  T h e n 

di s c u s s e d  ar e  t h e  diff er e nt  a p pr o a c h e s  t a k e n  t o  i nt e gr at e  t h e  U C  l a y er s  i n  a ct u al  P V  d e vi c e  c o n fi g ur ati o n s. 

Fi n all y, w e will hi g hli g ht t h e m o st pr o mi n e nt r e s ult s o bt ai n e d, gi v e s o m e f ut ur e p er s p e cti v e s a n d o utli n e t h e 

r e m ai ni n g c h all e n g e s i n t hi s s ci e nti fi c all y i ntri g ui n g a n d a p pli c ati o n- wi s e i m p ort a nt fi el d.   

1. I nt r o d u cti o n 

T h e e x p e ct e d gl o b al tr a n siti o n t o s u st ai n a bl e e n er g y h a s m a s si v el y 

i n cr e a s e d t h e d e m a n d f or r e n e w a bl e e n er g y s o ur c e s s u c h a s t h e s ol ar 

e n er g y. T h e pr o d u cti o n of s ol ar c ell s f or t h e p h ot o v olt ai c s ( P V) i n d u str y 

h a s b e e n gr o wi n g c o n st a ntl y alr e a d y f or s e v er al d e c a d e s, a n d t h e pr o s -

p e ct s pr o mi s e c o nti n u o u s gr o wt h i n f ut ur e t o o [ 1 ]. T h e m o st c o m m o n 

s ol ar c ell s ar e b a s e d o n s e mi c o n d u cti n g m at eri al s a n d i n or d er t o c o n v ert 

s ol ar e n er g y i nt o el e ctri cit y a s ef fi ci e ntl y a s p o s si bl e, it i s i m p ort a nt t o 

c h o o s e  a  s e mi c o n d u ct or  m at eri al  wit h  a n  a p pr o pri at e  b a n d  g a p  t h at 

m at c h e s t h e s ol ar s p e ctr u m. H o w e v er, a si n gl e m at eri al c a n b e o pti m al 

o nl y  f or  a  s p e ci fi c  w a v el e n gt h  r a n g e  a n d  c o n s e q u e ntl y,  t h e  s ol ar  c ell 

m at eri al s ar e oft e n di vi d e d i nt o diff er e nt c at e g ori e s b a s e d o n t h e c or -

r e s p o n di n g m at eri al pr o p erti e s. 

T h e d o mi n a nt t e c h n ol o g y c at e g or y t o d a y i n t h e P V m ar k et i s b a s e d 

o n  cr y st alli n e  sili c o n  ( c- Si).  T hi s  i s  d u e  t o  t h e  a b u n d a n c y  of  t h e  r a w 

m at eri al a s w ell a s t h e hi g hl y d e v el o p e d m a s s- pr o d u cti o n i nfr a str u ct ur e 

t h at  h a v e  b e n e fitt e d  fr o m  t h e  sili c o n  mi cr of a bri c ati o n  d e v el o p m e nt. 

Sili c o n h a s al s o a r at h er i d e al b a n d g a p ( 1. 1 e V), w hi c h m at c h e s w ell 

wit h t h e m a xi m u m-i nt e n sit y w a v el e n gt h of t h e s ol ar s p e ctr u m. C o n s e -

q u e ntl y, c- Si c ell s h a v e a t h e or eti c al p o w er c o n v er si o n ef fi ci e n c y li mit of 

~ 3 0 % [ 2 ]; t h e e x p eri m e nt all y c o n fir m e d p h ot o c o n v er si o n ef fi ci e n ci e s 

ar e alr e a d y cl o s e t o t hi s li mit, t h e c urr e nt r e c or d b ei n g 2 6. 7 % [ 3 ]. I n 

a d diti o n  t o  c- Si,  s o- c all e d  t hi n- fil m  s ol ar  c ell s  h a v e  a  l o n g  hi st or y. 

A m o n g  t hi s c at e g or y, a m or p h o u s sili c o n  ( a- Si) h a s  b e e n  st u di e d a  l ot 

si n c e it w a s fir st r e p ort e d b y C arl s o n a n d Wr o n s ki i n 1 9 7 6 [ 4 ]. T h e s e a- Si 

c ell s h a v e a wi d e b a n d g a p ( ~ 1. 8 e V) m a ki n g t h e t e c h n ol o g y i d e al f or 

s p e ci fi c  a p pli c ati o n s  i n cl u di n g  i n d o or s  u s e,  alt h o u g h  t h e  t ot al  p o w er 

c o n v er si o n ef fi ci e n c y h a s r e m ai n e d at a m o d e st l e v el of ~ 1 2 % [ 2 ]. 

M or e r e c e ntl y, n e w m at eri al s h a v e e m er g e d a s p ot e nti al alt er n ati v e s 

t o r e pl a c e t h e sili c o n- b a s e d c ell s. Fir st, d y e s e n siti z e d s ol ar c ell s ( D S S C) 

w er e i n v e nt e d i n 1 9 9 1 b y O ’R e g a n a n d Gr ät z el ai mi n g t o pr o vi d e m u c h 

l o w er m at eri al c o st s c o m bi n e d wit h a c h e a p a n d si m pl e m a n uf a ct uri n g 

t e c h n ol o g y [5 ]. M or e r e c e ntl y, a n or g a n o h ali d e p er o v s kit e s e n siti z er i n 

a D S S C c ell w a s r e p ort e d i n 2 0 0 9 [ 6 ], a n d a s a r e s ult s o- c all e d p er o v s kit e 

s ol ar  c ell s  ( P S C)  e m er g e d  a s  a  s u b- br a n c h  of  t h e  D S S C  t e c h n ol o g y. 

I niti all y t h e p o w er c o n v er si o n ef fi ci e n c y i n t h e s e e m er gi n g t e c h n ol o gi e s 

w a s r at h er l o w, ar o u n d 3 – 4 % [ 7 ], b ut t h e gr o wt h h a s b e e n e n or m o u s i n 

*  C orr e s p o n di n g a ut h or. 
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2

a r el ati v el y s h ort ti m e; t h e hi g h e st c o n v er si o n ef fi ci e n c y of o v er 2 0 % 

w a s r e p ort e d alr e a d y i n 2 0 1 5 [ 8 ]. W hil e t h e s e r e s ult s ar e hi g hl y pr o m -

i si n g, t h er e ar e still i s s u e s r el at e d t o u p s c ali n g t h e t e c h n ol o g y a n d t h e 

l o n g-t er m st a bilit y a s c o m p ar e d t o t h e st at e- of-t h e- art sili c o n- b a s e d s ol ar 

c ell s. 

D e s pit e  t h e  pr o gr e s s  m a d e  i n  e n h a n ci n g  t h e  p erf or m a n c e  of  t h e 

diff er e nt s ol ar c ell t e c h n ol o gi e s, t h e f u n d a m e nt al i s s u e s r el at e d t o t h e 

s e mi c o n d u ct or m at eri al s t h e m s el v e s (i n p arti c ul ar t h eir b a n d g a p s) still 

r e stri ct t h e c o n v er si o n ef fi ci e n c y pr o s p e ct s of t h e P V t e c h n ol o g y. Fir stl y, 

t h e p h ot o n s wit h a hi g h er e n er g y t h a n t h e b a n d g a p, i. e. t h e s ol ar r a -

di ati o n  oft e n  i n  t h e  ultr a vi ol et  ( U V)  r a n g e,  r e s ult  i n  s o- c all e d  c h ar g e 

c arri er  t h er m ali z ati o n,  w hi c h  c a u s e s  m aj or  e n er g y  l o s s e s  a s  h e at  [ 9 ]. 

A n ot h er  m aj or  l o s s  m e c h a ni s m  i s  t h e  li mit e d  a b s or pti o n  of  t h e 

st at e- of-t h e- art P V s e mi c o n d u ct or s i n t h e p h ot o n w a v el e n gt h s b el o w t h e 

b a n d g a p, t y pi c all y i n i nfr ar e d (I R) p art of t h e s ol ar s p e ctr u m [ 1 0 ]. T h e 

u p p er w a v el e n gt h li mit f or t h e I R a b s or pti o n v ari e s wit h t h e s ol ar c ell 

t y p e a c c or di n g t o it s s e mi c o n d u ct or m at eri al (Fi g. 1 ) [1 1 ,1 2 ]. T h e c- Si 

s ol ar c ell s h a v e t h e s m all e st b a n d g a p w hi c h all o w s t h e m t o a b s or b u p t o 

1 1 0 0 n m of t h e s ol ar r a di ati o n, b ut e v e n t h e s e c ell s i n c ur m or e t h a n 1 9 % 

l o s s i n ef fi ci e n c y d u e t o t hi s i n c a p a bilit y t o f ull y utili z e t h e I R p art of t h e 

s ol ar  s p e ctr u m.  F or  ot h er  t y p e s  of  s ol ar  c ell s,  t h e s e  l o s s e s  ar e  e v e n 

hi g h er, a m o u nti n g u p t o 5 0 % [ 1 0 ]. 

Tr a diti o n all y,  t h e  af or e m e nti o n e d  l o s s e s  ( b ot h  a b o v e  a n d  s u b- 

b a n d g a p)  h a v e  b e e n  a d dr e s s e d  b y  st a c ki n g  m ulti pl e  m at eri al s  o n  t o p 

of e a c h ot h er wit h v ar yi n g b a n d g a p s. S u c h m ulti-j u n cti o n c ell s, oft e n 

b a s e d o n III- V s e mi c o n d u ct or s, h a v e r e a c h e d hi g h er p o w er c o n v er si o n 

ef fi ci e n ci e s e v e n a b o v e 4 7 % [ 1 3 ]. H o w e v er, t hi s t e c h n ol o g y c at e g or y 

s uff er s  fr o m  hi g h  f a bri c ati o n  a n d  m at eri al  c o st s  a n d  t y pi c all y  hi g hl y 

c o n c e ntr at e d  s u nli g ht  i s  n e e d e d  t o  r e a c h  s u c h  hi g h  ef fi ci e n ci e s. 

R e c e ntl y, pri c e wi s e a m or e c o m p etiti v e t e c h n ol o g y e m er g e d t h at c o m -

bi n e s  o nl y  t w o  diff er e nt  m at eri al s,  h e n c e  t h e  n a m e  t a n d e m  c ell s. 

C urr e ntl y t h e m o st pr o mi si n g o pti o n s e e m s t o b e t o c o m bi n e c- Si a n d 

p er o v s kit e  s ol ar  c ell s.  S o m e  c o m m er ci al  a cti viti e s  ar e  alr e a d y  e st a b -

li s h e d ar o u n d t hi s a p pr o a c h [1 4 ]. 

A n alt er n ati v e m e a n s f or t h e utili z ati o n of n o n- a b s or b e d s u b- b a n d 

g a p p h ot o n s i s t o t a k e a d v a nt a g e of s o- c all e d p h ot o n u p c o n v er si o n ( U C) 

m at eri al s. I n st e a d of h a vi n g c h ar g e- c oll e cti o n j u n cti o n m a d e of a l o w 

b a n d  g a p  m at eri al,  t h e y  ar e  b a s e d  o n  s e p ar at e  l u mi n e s c e nt  m at eri al s 

t h at  ar e  pl a c e d  i n  t h e  vi ci nit y  of  t h e  c h ar g e- c oll e cti o n  str u ct ur e s. 

U p c o n v er si o n  i s  a n  a nti- St o k e s  l u mi n e s c e n c e  pr o c e s s  e x hi bit e d  b y 

c ert ai n  m at eri al s  t h at  ar e  c a p a bl e  of  a b s or bi n g  l o w- e n er g y  p h ot o n s 

t y pi c all y i n t h e n e ar-i nfr ar e d ( NI R) r a n g e a n d t h e n c o n v erti n g t h e e n -

er g y i nt o hi g h er e n er g y p h ot o n s, t y pi c all y i n t h e vi si bl e ( Vi s) r a n g e. T hi s 

p h e n o m e n o n  h a s  s h o w n  i m m e n s e  p ot e nti al  t o w ar d s  s e v er al  a p pli c a -

ti o n s, i n cl u di n g bi oi m a gi n g, p h ot o d y n a mi c t h er a p y, s e n s or s a n d di s pl a y 

t e c h n ol o g y [1 5 – 1 8 ]. R e g ar di n g P V a p pli c ati o n s, t h e U C m at eri al s c o ul d 

c o n si d er a bl y e n h a n c e t h e e n er g y h ar v e sti n g c a p a bilit y of t h e P V c ell s a s 

t h e y  e xt e n d  t h e  u s e a bl e  s ol ar  s p e ctr u m  r a n g e  t o  t h e  NI R  p h ot o n s  i n 

si n gl e j u n cti o n s ol ar c ell s ( Fi g. 1 ). A cl e ar a d v a nt a g e of t hi s a p pr o a c h i s 

t h at  n o  m aj or  a dj u st m e nt s  or  c h a n g e s  ar e  n e e d e d  f or  t h e  c urr e nt  P V 

t e c h n ol o gi e s  t o  i nt e gr at e  t h e m  wit h  t h e  U C  l a y er s  [1 9 ].  I n d e e d, 

u p c o n v er si o n i n p h ot o v olt ai c s h a s alr e a d y b e e n d e m o n str at e d i n s e v er al 

P V t e c h n ol o gi e s, e. g. fir st i n G a A s s ol ar c ell s b y Gi b art et al. [ 2 0 ], l at er i n 

c- Si c ell s b y Tr u p k e et al. [ 9 ], a n d m o st r e c e ntl y al s o i n D S S C s b y S h a n 

a n d D e m o p o ul o s [ 2 1 ]. It i s i nt er e sti n g t o n ot e t h at b ef or e t h e U C p h e -

n o m e n o n it s elf w a s d e m o n str at e d e x p eri m e nt all y, it s u s e w a s s u g g e st e d 

t h e or eti c all y  f or  t h e  d et e cti o n  of  i nfr ar e d  q u a nt a  i n  a n  I R  q u a nt u m 

c o u nt er. T h at i s e s s e nti all y e x a ctl y w h at t h e P V- U C c o m bi n ati o n i s s et t o 

d o, t o d et e ct I R p h ot o n s. 

I n r e c e nt y e ar s, s e v er al r e vi e w s h a v e b e e n p u bli s h e d t h at di s c u s s t h e 

c h e mi str y a n d s y nt h e si s of U C m at eri al s [ 2 2 ], str at e gi e s u s e d t o t u n e t h e 

U C e mi s si o n [ 2 3 ], a n d t h e pr o gr e s s i n U C- e n h a n c e d D S S C a n d p er o v -

s kit e s ol ar c ell s [ 2 4 ,2 5 ]. I n t hi s r e vi e w, o ur i nt e nti o n i s t o pr o vi d e a bri ef 

b ut c o m pr e h e n si v e a c c o u nt of t h e st at e- of-t h e- art a n d t h e f ut ur e pr o s -

p e ct s of t h e U C m at eri al s i n p h ot o v olt ai c s. M aj orit y of t h e st u di e s o n t h e 

U C  m at eri al s  i n  t h e  c o nt e xt  of  t h e  P V  t e c h n ol o gi e s  h a v e  i n v ol v e d 

l a nt h a ni d e- b a s e d U C m at eri al s [2 6 ,2 7 ]. T h er ef or e, w e st art b y di s c u s -

si n g t h e U C pr o p erti e s of diff er e nt l a nt h a ni d e i o n s a n d t h e h o st m at eri al s 

u s e d f or t h e m i n S e cti o n 2 . T h e n, b ef or e a d dr e s si n g t h e st at e- of-t h e- art 

of  U C-i nt e gr at e d  s ol ar  c ell s  i n  S e cti o n 4 ,  w e  d e v ot e  S e cti o n 3 f or 

diff er e nt a p pr o a c h e s t a k e n t o i nt e gr at e t h e U C l a y er s i n P V d e vi c e s a n d 

e v al u ati n g t h e p erf or m a n c e e n h a n c e m e nt i n pr a cti c e. Fi n all y, S e cti o n 5 

i s a s h ort s u m m ar y of t h e c urr e nt st at e a n d a n o utl o o k f or t h e f ut ur e 

p er s p e cti v e s a n d c h all e n g e s i n t hi s s ci e nti fi c all y e x citi n g a n d i n d u stri -

all y i m p ort a nt fi el d. 

2. L a nt h a ni d e- b a s e d u p c o n v e rti n g m at e ri al s 

2. 1.  U p c o n v ersi o n of l a nt h a ni d es 

L a nt h a ni d e s  ( L n)  ar e  t h e  gr o u p  of  1 4  el e m e nt s  i n  t h e  P eri o di c 

T a bl e aft er l a nt h a n u m, st arti n g fr o m c eri u m ( Z = 5 8) u p t o l ut eti u m ( Z 

= 7 1) wit h t h e 6 s 2 5 d 1 4f n el e ct r o n c o n fi g ur ati o n. F or all t h e s e el e m e nt s, 

t h e tri v al e nt st at e i s t h e m o st st a bl e, w h er e t h e 6 s a n d 5 d or bit al s ar e 

e m pt y a n d t h e 4f or bit al s ar e p arti all y fill e d. T h e 4f or bit al s ar e str o n gl y 

s hi el d e d  fr o m  t h e  c o or di n ati o n  e n vir o n m e nt  b y  t h e  m or e  s p ati all y 

e xt e n d e d  5 s  a n d  5 p  or bit al s.  B e c a u s e  of  t h e  s hi el di n g,  t h e  L n 3 + i o n s 

e x hi bit  c h ar a ct eri sti c  n arr o w- b a n d  e mi s si o n  ( Fi g.  2 ).  M or e o v er,  si n c e 

t h e f– f tr a n siti o n s ar e p arit y f or bi d d e n ( n o c h a n g e i n di p ol e m o m e nt), 

t h e e x cit e d st at e s h a v e l o n g lif eti m e s [2 8 ]. T hi s i s a n e s s e nti al f e at ur e f or 

e n a bli n g t h e st a c ki n g of p h ot o n s r e q uir e d f or u p c o n v er si o n. 

T h er e ar e s e v er al m e c h a ni s m s f or L n 3 + b a s e d u p c o n v e r si o n ( Fi g. 3 ). 

I n  t h e  e x cit e d  st at e  a b s or pti o n  ( E S A)  m e c h a ni s m,  o n e  L n 3 + i o n 

s e q u e nti all y  a b s or b s  t w o  p h ot o n s  s o  t h at  t h e  fir st  e x cit ati o n  yi el d s  a 

m et a st a bl e i nt er m e di at e st at e w hi c h t h e n a b s or b s a s e c o n d p h ot o n t o 

e mit a si n gl e hi g h e n er g y p h ot o n [ 2 9 ]. T h e e n er g y tr a n sf er u p c o n v er si o n 

( E T U) m e c h a ni s m c o m pri s e s t w o L n 3 + i o n s, o n e of t h e m b ei n g a s e n si-

ti z er a n d t h e ot h er a cti n g a s a n a cti v at or. T h e s e n siti z er i o n a b s or b s a 

p h ot o n t o r e a c h a n e x cit e d m et a st a bl e st at e a n d t h er e aft er tr a n sf er s t h e 

e n er g y n o n-r a di ati v el y t o t h e a cti v at or. W hil e t h e a cti v at or i s still i n t h e 

Fi g. 1. P art s of t h e s ol ar s p e ctr u m utili z e d (i n bl u e) a n d l o st (i n r e d) of diff er e nt 

s ol ar c ell t y p e s, a n d t h e a b s or pti o n r a n g e s (i n gr e e n) of t h e u p c o n v erti n g L n 3 +

i o n s, s k et c h e d a c c or di n g t o R ef. [1 0 ]. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o 

c ol o ur  i n  t hi s  fi g ur e  l e g e n d,  t h e  r e a d er  i s  r ef err e d  t o  t h e  W e b  v er si o n  of 

t hi s arti cl e.) 
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e x cit e d st at e, a n ot h er p h ot o n a b s or b e d b y t h e s e n siti z er i s tr a n sf err e d t o 

t h e  a cti v at or,  w hi c h  i s  t h e n  e x cit e d  t o  a  hi g h er  e x cit e d  st at e  [ 3 0 ].  A 

r a di ati v e  r el a x ati o n  of  t h e  a cti v at or  r e s ult s  i n  t h e  e mi s si o n  of  a n 

u p c o n v ert e d hi g h er e n er g y p h ot o n. T y pi c all y, Y b 3 + i s u s e d a s a s e n si-

ti z er d u e t o it s hi g h a b s or pti o n cr o s s- s e cti o n, a n d t h e p o siti o n of it s f-f 

tr a n siti o n t h at li e s ar o u n d 9 8 0 n m, w hi c h f a cilit at e s e n er g y tr a n sf er t o 

t h e m o st c o m m o n a cti v at or i o n s, e. g. Er3 + , H o3 + a n d T m 3 + [ 3 1 ]. I n t h e 

t hir d U C m e c h a ni s m, i. e. c o o p er ati v e e n er g y tr a n sf er ( C E T), t w o s e n si-

ti z er s  i n di vi d u all y  a b s or b  l o w  e n er g y  p h ot o n s  a n d  si m ult a n e o u sl y 

tr a n sf er  t h eir  e n er g y  t o  t h e  a cti v at or  t o  c o o p er ati v el y  e x cit e  it  f or  a 

s u b s e q u e nt e mi s si o n of t h e u p c o n v ert e d p h ot o n [ 3 2 ,3 3 ]. 

2. 2.  H ost m at eri als a n d s y nt h esis str at e gi es 

T h e i nt er e st t o w ar d s l a nt h a ni d e l u mi n e s c e n c e st art e d alr e a d y i n t h e 

1 8 8 0 s  [ 3 4 ],  a n d  d uri n g  t h e  1 9 4 0 s,  1 9 5 0 s  a n d  1 9 6 0 s  t h e  t h e or eti c al 

b a c k gr o u n d  w a s  f or m ul at e d.  Si n c e  t h o s e  ti m e s,  n u m er o u s  diff er e nt 

c o m p o u n d s d o p e d wit h l a nt h a ni d e s h a v e b e e n s y nt h e si z e d j u st f or t h e 

s a k e of b a si c r e s e ar c h. Aft er t h e e st a bli s h m e nt of t h e U C p h e n o m e n o n i n 

t h e 1 9 6 0 s al s o u p c o n v er si o n h a s b e e n r e p ort e d i n a w e alt h of diff er e nt 

L n- b a s e d  m at eri al s  [ 2 6 ].  I n  f a ct,  t h e  f oll o wi n g  ef fi ci e nt  l a nt h a ni d e 

l u mi n e s c e n c e h o st s ( w h er e t h e L n h o st i s t y pi c all y Y, L a, G d, or Y b) w er e 

c h ar a ct eri z e d f or ( Y b 3 + , E r3 + ) U C e mi s si o n alr e a d y b y t h e e arl y 1 9 7 0 s 

[ 3 5 ]: L n F 3 , Li L n F4 , N a L n F4 , B a L n F4 , L n O X ( X = F, Cl, Br), L n 2 O 3 , L n B O3 , 

Y Al O 3 , Y G a O3 , L n3 B O 6 , Y3 A l 5O 1 0 , Y3 G a 5 O 1 0 , Y2 G e O 5 , Y2 G e O 7 , Y Ti O5 , 

Y 2 Ti 2 O 7 ,  Y P O4 ,  Y A s O4 ,  Y V O4 ,  Y T a O4 ,  L n N b O4 ,  Y3 T a O 7 ,  Y3 N b O 7 , 

Y T a 3 O 9 ,  Y N b3 O 9 ,  Y2 T e O 6 ,  Y2 W O 6 ,  a n d  N a L n  ( W O4 ) 2 .  I n  p r a cti c e,  all 

m at eri al s t h at c a n b e d o p e d wit h l a nt h a ni d e s c a n al s o b e d o p e d wit h e. g. 

Y b 3 + , E r3 + , H o3 + a n d T m 3 + t o o bt ai n t h e U C e mi s si o n wit h at l e a st s o m e 

i nt e n sit y. 

I n a pr a cti c al U C m at eri al, w h er e t h e L n3 + i o n s a r e e m b e d d e d i n a 

s uit a bl e h o st l atti c e, t h e cr y st al str u ct ur e a n d c o m p o siti o n of t hi s h o st 

l atti c e l a y t h e gr o u n d s f or t h e U C ef fi ci e n c y b y aff e cti n g t h e sit e s y m-

m etr y of t h e l a nt h a ni d e s a n d off eri n g s uit a bl e e n er g y tr a n sf er r o ut e s a s 

w ell a s i n hi biti n g t h e r a di ati o n-l e s s d e- e x cit ati o n. Al s o, t h e a b s or pti o n 

cr o s s- s e cti o n s,  c o n c e ntr ati o n s  a n d  h o m o g e n eit y  i n  di stri b uti o n  of  t h e 

l a nt h a ni d e  d o p a nt s  aff e ct  t h e  U C  pr o p erti e s  of  t h e  m at eri al  [1 2 ].  T o 

all o w e a s y d o pi n g of t h e L n 3 + i o n s, at l e a st o n e of t h e c ati o n s p e ci e s i n 

t h e h o st l atti c e s h o ul d b e of si mil ar si z e, a n d pr ef er a bl y al s o v al e n c e, t o 

t h e L n3 + d o p a nt s. A n i m p ort a nt r e q uir e m e nt f or t h e h o st l atti c e i s t h at it 

pr o vi d e s a n a s y m m etri c al cr y st al fi el d t o all o w t h e f-f tr a n siti o n s of t h e 

L n 3 + i o n s  [3 6 ].  Al s o,  a n  o pti m al  h o st  m at eri al  s h o ul d  p o s s e s s  l o w 

p h o n o n e n er gi e s t o mi ni mi z e t h e n o n-r a di ati v e e mi s si o n s [ 3 4 ], a n d b e 

t h er m all y a n d c h e mi c all y st a bl e, a n d tr a n s p ar e nt t o t h e I R p h ot o n s [3 5 ]. 

O n e p o s si bilit y f or s u c h t h er m all y a n d c h e mi c all y st a bl e h o st l atti c e s ar e 

m et al  o xi d e s,  b ut  t h e  dr a w b a c k  i s  t h eir  hi g h  p h o n o n  e n er g y.  O n  t h e 

ot h er h a n d, m et al fi u ori d e s h a v e b e e n r e c o g ni z e d a s m or e ef fi ci e nt h o st 

m at eri al c a n di d at e s o wi n g t o t h eir l o w er p h o n o n e n er g y. I n a v er y e arl y 

r e vi e w, t h e u p c o n v er si o n pi o n e er A u z el [ 3 5 ] d e m o n str at e d t h at t h e b e st 

fi u ori d e s m a y b e e v e n 1 0 0-f ol d m or e ef fi ci e nt i n U C e mi s si o n t h a n t h e 

b e st o xi d e s. U nf ort u n at el y, t h e fi u ori d e s ar e oft e n h y gr o s c o pi c, w hi c h 

m a y  b e  a  li mit ati o n  [ 3 7 ].  F or  e x a m pl e,  Y F 3 : Y b3 + , E r3 + w a s  i niti all y 

pr o v e n  t o  yi el d  f o ur  ti m e s  a s  hi g h  U C  ef fi ci e n c y  a s  N a Y F 4 : Y b3 + , E r3 +

[ 3 8 ], b ut t h e l e s s h y gr o s c o pi c t etr a fi u ori d e h a s e st a bli s h e d a p o siti o n a s 

t h e l e a di n g U C h o st. T hi s fi a g s hi p m at eri al w a s fir st hi g hli g ht e d i n 1 9 7 2 

i n t w o s e p ar at e st u di e s: b y M e n y u k et al. [3 9 ] f or t h e c u bi c α - N a Y F4 , a n d 

b y K a n o et al. [ 4 0 ] f or t h e h e x a g o n al β - N a Y F4 . D u e t o it s str o n g er U C 

e mi s si o n, t h e h e x a g o n al f or m i s c urr e ntl y c o n si d er e d m or e pr o mi si n g 

[ 4 1 ], a n d t h u s it i s b ei n g st u di e d vi g or o u sl y f or m a n y diff er e nt fi el d s of 

U C a p pli c ati o n s. 

Fi g. 2. E n er g y l e v el s a n d e mi s si o n li n e s s e e n f or tri v al e nt l a nt h a ni d e i o n s [ 2 3 ].  

Fi g. 3. I m p ort a nt U C m e c h a ni s m s r el e v a nt f or L n3 + i o n s.  
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A common way to apply the Ln3�-based UC materials is to synthesize 
them in nanoparticle form, motivated by the fact that in NPs the non- 
radiative losses are usually lower and the UC quantum yield higher 
[42]. However, the lattice strain, surface defects and solvent inclusion 
with high phonon energies may cause quenching of the UC luminescence 
[43]. To address these issues, specific core-shell NP structures have been 
developed [24]. In these CS-NPs, the UC core is isolated by an inert shell. 
The quality of the UC luminescence process may vary based on the shell 
characteristics, including the chosen material and the thickness [44]. In 
addition to different types of nanoparticles, UC materials are typically 
also produced e.g. as microcrystalline powder, thin films, glass and glass 
ceramics. In Table 1, we have collected some examples of recently 
investigated UC materials (matrix, dopants) and also their synthesis 
methods, and the form in which the material is applied. It is to be noted 
that in the time period 2017�2020, the number of scientific articles and 
proceedings papers dealing with UC has maintained a steady pace of ca. 
2000 publications per year. Thus, the material list presented below is by 
no means exhaustive. 

Recently, UC thin films have become more appealing and important 
due to their compatibility towards solid-state optical devices and ap
plications. Thin films have been fabricated from UC NPs using solution- 
based methods such as spin-coating [45] and dip-coating [46], but the 
drawback is that the thus prepared films are prone to contain traces of 
solvent impurities. Alternately, gas-phase deposition techniques, such as 
metal-organic chemical vapor deposition (MO-CVD) and atomic layer 
deposition (ALD) [47], could provide an attractive way to produce 
precisely thickness-controlled UC thin films on a variety of substrates 
[48]. Such UC thin films can offer some unique features over the NPs, 
such as conformality and improved adhesion to the substrate in practical 
devices [49]. 

3. Integration of upconversion layers in solar cell devices 

3.1. Integration strategies 

Several ways of fabricating and incorporating the UC layer within the 
solar cell structure have been experimented. Typically, the UC material 
is produced in a powder or nanoparticle form (as summarized in 
Table 1), and then applied as a thin coating using e.g. spin-coating, dip- 
coating techniques, or deposited directly from gaseous precursors. 

In Fig. 4, we show representative schemes for the placement of the 
UC layer within different PV cell types. For example, Markose et al. [52] 
used the coprecipitation method for synthesizing (Yb3�,Er3�)-doped 
Y2O3, YOF and YF3 UC phosphors which were then integrated in a back 
reflector layer of thin-film a-Si solar cells fabricated through 
plasma-enhanced chemical vapor deposition (PECVD). In another 
investigation, (Yb3�,Ho3�)-doped Y2O3 UC layers were prepared sol
vothermally, and combined with N3 (C26H16N6O8RuS2) dye-sensitized 
TiO2-based DSSC cells fabricated by spin-coating; adding the UC layer 
was done by introducing the electrolyte solution by clamping both the 
FTO glass plates [87]. 

Li et al. [88] used pulsed laser deposition (PLD) technique to deposit 
NaYF4:Yb3�,Er3�/NaYF4:Yb3�,Tm3� (55-nm UC layer) on their PSC 
device. Most recently, we demonstrated the use of the ALD technique in 
depositing (Er,Ho)2O3 (45�60 nm UC layer) on a silicon substrate, which 
was mounted to the backside of a bifacial c-Si solar cell [49]. Using 
bifacial c-Si cells [89,90] in photon upconversion (as compared to fully 
metallized backside cells) [91,92] has the benefit that there is no need to 
adjust the commercial cell fabrication process at all but the upconver
sion layer can be just placed to the bottom of the finished cell. Additional 
back reflector can be used to guide the luminescent photons back to the 
cell. 

It is important to note that a precise control over the film thickness of 
the UC layer is critical to achieve optimal UC emission [49,93,94]. 
Hence, the advanced gas-phase deposition techniques are clearly bene
ficial over the solution techniques as they allow for a nanoscale 

Table 1 
Examples of important host lattices for Ln-doped UC materials including the 
synthesis method and the form the material is applied: powder (P), nanoparticle 
(NP), core-shell nanoparticle (CS-NP), thin film (TF), glass/ceramics (G), or 
nanorod (NR).  

Host material Ln 
dopant 

Form Synthesis 
method 

Ref. 

Oxides 
Y2O3 Yb3�, 

Er3�, 
Eu3�

P Solvothermal [50] 

Er3� P Sol-gel [51]  

Yb3�, 
Er3�

P Co-precipitation [52] 

(Yb,Er)2O3 Yb3�, 
Er3�

TF ALD [48] 

Er2O3 Ho3� TF ALD [49] 
Lu2O3 Yb3�, 

Er3�

P, NP Combustion [53] 

SiO2 Yb3�, 
Er3�

TF Dip-coating [46] 

SiO2�TiO2 Ho3� TF Sol-gel & Spin- 
coating 

[54] 

Yb3�, 
Er3�, 
Eu3�

TF Sol-gel [55] 

Au@TiO2 Yb3�, 
Er3�

CS- 
NP 

Hydrothermal [56] 

anatase-TiO2 Yb3�, 
Er3�

TF Sol-gel & Spin- 
coating 

[45] 

Mg2SiO4 Er3� TF Co-precipitation [57] 
Gd4.67Si3O13 Tm3� P Solid state 

synthesis 
[58] 

NaY9(SiO4)6O2 Yb3�, 
Tm3�

P Solid state 
synthesis 

[59] 

Yb3�, 
Ho3�

P   

ZnO Yb3�, 
Er3�

NP Solution- 
combustion 

[60] 

CaCe2(MoO4)4 Yb3�, 
Er3�

NP Sol-gel [61] 

Gd0.5Na0.5MoO4 Ho3�, 
Yb3�

NP Co-precipitation [62] 

SrAl2O4 Eu3�, 
Yb3�

NR Electrospinning [63] 

Ba0.85Ca0.15Ti0.9Zr0.1O3 Er3� TF Chemical 
solution 
deposition 

[64] 

TeO2�GeO2�Na2O�Nb2O5�Er2O3 Er3� G Melt-quenching [65] 
NaBi(WO4)2 Yb3�, 

Er3�

P Solid state 
synthesis 

[66] 

Na8Al6Si6O24(Cl,S)2 Yb3�, 
Er3�

P Solid state 
synthesis 

[67] 

Oxyfluorides 
YOF Yb3�, 

Er3�

P Co-precipitation [52] 

Y2Te6O15�BaF2�YF3 Yb3�, 
Er3�

G Melt-quenching [68] 

Fluorides 
YF3 Yb3�, 

Er3�

P Co-precipitation [52] 

NaYF4 Yb3�, 
Er3�

NP Microemulsion [69] 

�-NaYF4 Yb3�, 
Tm3�

TF Sol-gel [70] 

Cu1.8S@NaYF4@NaYF4 Yb3�, 
Er3�

CS- 
NP 

Solvothermal [71] 

NaYF4@NaPO3�Na2O�NaF Yb3�, 
Er3�

NP in 
G 

Melt-quenching [72] 

Li(Gd,Y)F4 Yb3�, 
Er3�

NP Thermal 
decomposition 

[73] 

KLaF4 Yb3�, 
Er3�/ 
Tm3�/ 
Ho3�

NP Solvothermal [74] 

BaYF5 NP Co-precipitation [75] 

(continued on next page) 
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t hi c k n e s s c o ntr ol. T h e A L D t e c h n ol o g y i n p arti c ul ar i s hi g hl y pr o mi si n g 

o wi n g t o it s u ni q u e c h ar a ct eri sti c s, s u c h a s r el ati v el y mil d d e p o siti o n 

c o n diti o n s  a n d  t h e  l ar g e- ar e a  u nif or mit y  a n d  c o nf or m alit y  of  t h e 

r e s ult a nt t hi n fil m s [ 4 7 ]. M or e o v er, A L D c y cl e s f or m et al s p e ci e s c a n b e 

c o m bi n e d  wit h  M L D  ( m ol e c ul ar  l a y er  d e p o siti o n)  c y cl e s  f or  or g a ni c 

m ol e c ul e s  t o  gr o w  a m or p h o u s  or  cr y st alli n e  m et al- or g a ni c  m at eri al s 

[ 9 5 ,9 6 ],  w h er e  t h e  ultr at hi n  or g a ni c  l a y er s  c o ul d  w or k  e. g.  f or 

s e n siti z ati o n.  T h e  A L D  a n d  A L D / M L D  t e c h ni q u e s  h a v e  alr e a d y  b e e n 

u s e d f or t h e f a bri c ati o n of v ari o u s L n- b a s e d t hi n fil m s wit h i nt er e sti n g 

p h ot ol u mi n e s c e n c e  a n d  u p c o n v er si o n  pr o p erti e s  [ 8 6 ,9 7 – 1 0 5 ]  t h o u g h 

m o stl y n ot y et i nt e gr at e d wit h a ct u al s ol ar c ell str u ct ur e s. 

3. 2. Fi g ur es of m erit 

T h e  e v al u ati o n  of  e n h a n c e m e nt  i n  s ol ar  c ell  p erf or m a n c e  d u e  t o 

u p c o n v er si o n c a n b e r e p ort e d wit h diff er e nt i n di c at or s. Fr o m t h e fi n al 

a p pli c ati o n p oi nt of vi e w, t h e m o st i nf or m ati v e p ar a m et er i s n at ur all y 

t h e  p o w er  c o n v er si o n  ef fi ci e n c y  ( P C E),  w hi c h  d e s cri b e s  t h e  r ati o  b e -

t w e e n t h e e n er g y pr o d u c e d b y t h e s ol ar c ell a n d t h e i n p ut s ol ar e n er g y. 

O b vi o u sl y, s u c c e s sf ul i m pl e m e nt ati o n of U C t o t h e c ell s s h o ul d b e s e e n 

a s hi g h er P C E. H o w e v er, P C E i s aff e ct e d b y m a n y diff er e nt f a ct or s a n d it 

m a y h e n c e b e dif fi c ult t o e sti m at e t h e r ol e of U C i n t h e gi v e n c ell ar -

c hit e ct ur e.  T h er ef or e,  it  i s  oft e n  m or e  u s ef ul  t o  f o c u s  o n  t h e  c ell  p a -

r a m et er s  t h at m e a s ur e  dir e ctl y t h e i m p a ct  of t h e  U C pr o c e s s  a s t h e s e 

d e s cri b e b ett er t h e p ot e nti al of t h e gi v e n U C m at eri al. 

O n e of s u c h p ar a m et er s i s e xt er n al q u a nt u m ef fi ci e n c y ( E Q E), w hi c h 

d e s cri b e s t h e r ati o  b et w e e n t h e n u m b er of c h ar g e  c arri er s ( el e ctr o n s) 

c oll e ct e d b y a s ol ar c ell a n d t h e n u m b er of p h ot o n s i n ci d e nt o n t h e c ell. 

E Q E  c a n  b e  m e a s ur e d  f or  e a c h  p h ot o n  w a v el e n gt h  s e p ar at el y,  w hi c h 

gi v e s t h e a d v a nt a g e t h at o n e c a n f o c u s o n t h e E Q E of t h e e mitt e d p h ot o n 

w a v el e n gt h ori gi n ati n g fr o m t h e l u mi n e s c e nt m at eri al. F or i n st a n c e, i n 

c a s e  of  N a Y F 4 : E r3 + ,  t h e  E Q E  i s  i nt er e sti n g  o nl y  w a v el e n gt h  r a n g e  of 

1 4 8 0 – 1 5 6 0  n m  [ 1 0 6 – 1 0 9 ].  If  E Q E  i s  i n cr e a s e d  wit h  t h e  gi v e n  w a v e -

l e n gt h, it m e a n s m or e c h ar g e c arri er s ar e g e n er at e d a n d a s a r e s ult t h e 

c ell pr o d u c e s hi g h er c urr e nt. I n f a ct, fr o m t h e m e a s ur e d E Q E o n e c a n 

c al c ul at e  t h e  s h ort  cir c uit  c urr e nt  (I s c)  f o r  t h e  s ol ar  c ell  ( or  c urr e nt 

d e n sit y,  J s c,  i s  oft e n  pr ef err e d  a s  it  i s  i n d e p e n d e nt  o n  t h e  c ell  ar e a). 

Alt er n ati v el y,  o n e  c a n  al s o  dir e ctl y  m e a s ur e  J s c b y  m e a s u ri n g  t h e 

p h ot o c urr e nt  of  t h e  c ell  u n d er  z er o  bi a s  v olt a g e.  Si n c e  J s c i s  t h e 

p a r a m et er  t h at  i s  aff e ct e d  dir e ctl y  b y  t h e  i n c o mi n g  p h ot o n s,  it  i s  t h e 

m o st  wi d el y  u s e d  p ar a m et er  t o  d e s cri b e  t h e  eff e cti v e n e s s  of  t h e  U C 

pr o c e s s o n t h e c ell ef fi ci e n c y. 

T h e  E Q E  ( a n d  J s c)  v al u e s  a r e  dir e ctl y  pr o p orti o n al  t o  P C E,  w hi c h 

m e a n s t h at o nl y if all t h e ot h er p ar a m et er s r e m ai n u n aff e ct e d, i n cr e a s e 

T a bl e 1 (c o nti n u e d ) 

H o st m at eri al L n 

d o p a nt 

F o r m  S y nt h e si s 

m et h o d 

R ef. 

Y b 3 + , 

E r 3 + , 

T m 3 +

B a 2 L a F 7 N d 3 + , 

Y b 3 +

G  M elt- q u e n c hi n g  [ 7 6 ] 

N a G d F 4 @ N a G d F 4 @ ZI F- 8  Y b 3 + , 

E r 3 +

C S- 

N P / 

M O F 

S ol v ot h e r m al  [ 7 7 ] 

P b F 2 Y b 3 + , 

E r 3 + , 

H o 3 +

P  S oli d st at e 

s y nt h e si s 

[ 7 8 ] 

C a F 2 Y b 3 + , 

E r 3 + , 

T m 3 +

T F  M O- C V D [ 7 9 ] 

C a F 2 Y b 3 + , 

E r 3 + , 

T m 3 +

T F  M O- C V D 

S ol- g el 

[ 8 0 ] 

I n F3 – Z n F 2 – S r F 2 – B a F 2 E r 3 + G  M elt- q u e n c hi n g  [ 8 1 ] 

Ot h e r s 

Y P O 

L a P O 4 

Y b 3 + , 

E r 3 +

N P  [ 8 2 ] 

G d P O 4     

L u P O 4     

Al 2 O 3 – P 2 O 5 – Si O 2 - Y b2 O 3 Y b 3 + G  S ol- g el [ 8 3 ] 

M o S 2 Y b 3 + , 

E r 3 +

P  H y d r ot h e r m al  [ 8 4 ] 

Y- p yr a zi n e Y b 3 + , 

E r 3 +

T F  A L D / M L D  [ 8 5 ] 

( Y b, Er)-I R- 8 0 6 Y b 3 + , 

E r 3 +

T F  A L D / M L D  [ 8 6 ]  

Fi g. 4. I nt e g r ati o n of U C l a y er s i n diff er e nt s ol ar c ell t y p e s: a- Si ( a m or p h o u s sili c o n), bif a ci al c- Si ( cr y st alli n e sili c o n), D S S C ( d y e s y nt h e si z e d s ol ar c ell), a n d P S C 

( p er o v s kit e s ol ar c ell) [ 4 9 ,5 2 ,8 7 ,8 8 ]. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e W e b v er si o n of t hi s arti cl e.) 

A. G h a z y et al.                                                                                                                                                                                                                                  
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i n E Q E or Js c will b e s e e n i n P C E. T h er ef or e, t h e E Q E a n d J s c v al u e s a r e 

m u c h  m or e  i nf or m ati v e  p ar a m et er s  t h a n  P C E  i n  c o n vi n ci n g  t h e  c o m -

m u nit y a b o ut t h e q u alit y of t h e st u di e d m at eri al i n a n U C pr o c e s s. 

4. St at e- of-t h e- a rt of u p c o n v e r si o n-i nt e g r at e d s ol a r c ell s 

T h e i m pl e m e nt ati o n of U C i n s ol ar c ell s i s a n ar e a of i n cr e a si n g i n -

t er e st si n c e l a st f e w d e c a d e s. T h e fir st p o siti v e r e s ult s w er e r e p ort e d b y 

Gi b art  et  al.,  i n  1 9 9 6,  w h e n  t h e y  c o m bi n e d  ( Y b 3 + , E r3 + )  c o- d o p e d 

vitr o c er a mi c wit h a n ultr a-t hi n G a A s s ol ar c ell [ 2 0 ]. A s e q u e nti al a b -

s or pti o n  a n d  e n er g y  tr a n sf er  of  t h e  I R  p h ot o n s  fr o m  Y b 3 + t o  E r3 +

r e s ult e d i n e mi s si o n of a gr e e n p h ot o n t h at c a u s e d a p h ot o-r e s p o n s e i n 

t h e 0. 0 3 9 c m2 s u b st r at e-f r e e G a A s c ell. Wit h a n i n p ut e x cit ati o n of 1 W at 

1. 3 9 e V b y a Ti- s a p p hir e I R l a s er, a n E Q E of 2. 5 % w a s m e a s ur e d. L at er, 

i nt e gr ati o n  of  N a Y F4 : E r3 + U C  l a y e r s  wit h  bif a ci al  c- Si  s ol ar  c ell s  w a s 

d e m o n str at e d [ 1 1 0 ]. T h e p ol y cr y st alli n e U C s a m pl e s w er e mi x e d i nt o a n 

o pti c all y tr a n s p ar e nt a cr yli c a d h e si v e wit h si mil ar r efr a cti v e i n d e x a n d 

c o u pl e d t o t h e r e ar of a bif a ci al sili c o n s ol ar c ell. A n E Q E of a b o ut 2. 5 % 

w a s o bt ai n e d u n d er 5. 1 m W e x cit ati o n at 1 5 2 3 n m. Tr u p k e et al. [ 1 1 1 ] 

t h e or eti c all y  pr e di ct e d  u p  t o  ⁓ 4 0 %  c o n v er si o n  ef fi ci e n c y  u si n g 

n o n- c o n c e ntr at e d s u nli g ht ( A M 1. 5) f or a sili c o n s ol ar c ell c o m bi n e d wit h 

U C. H o w e v er, a pr a cti c al d e m o n str ati o n wit h N a Y F 4 : E r3 + U C p h o s p h o r s 

g a v e a n E Q E cl o s e t o 1 % at 1 5 5 0 n m, u si n g a pr ot ot y pi c al d e vi c e s et u p. 

I n r e c e nt y e ar s, t h e eff ort s i n t h e fi el d h a v e r a pi dl y gr o w n t o a p pl y U C 

m at eri al s i n diff er e nt f or m s a n d c o m bi n e U C wit h c o n v e nti o n al a s w ell 

a s e m er gi n g s ol ar c ell t e c h n ol o gi e s. 

A m o r p h o u s sili c o n s ol a r c ell s: A s m e nti o n e d i n t h e i ntr o d u cti o n, a- 

Si c ell s ar e r el ati v el y l o w- c o st a n d e a s y t o f a bri c at e wit h a n a d diti o n al 

a d v a nt a g e of hi g h c h e mi c al st a bilit y. T h e r el ati v el y wi d e b a n d g a p of a- 

Si ( ⁓ 1. 8 e V) i m pli e s t h at t h e s e d e vi c e s c a n a b s or b o nl y u p t o 7 0 0 n m of 

s ol ar li g ht, h e n c e t h e y s uff er fr o m gr e at er tr a n s mi s si o n l o s s e s c o m p ar e d 

t o s o m e ot h er s ol ar c ell t e c h n ol o gi e s, s u c h a s cr y st alli n e Si ( c- Si). T h e 

r e s e ar c h r el at e d t o U C e n h a n c e m e nt of a- Si c ell s c a n b e tr a c e d b a c k t o 

2 0 1 0 [ 1 1 2 – 1 1 4 ], w h e n d e Wil d et al. a n d Z h a n g et al. i n d e p e n d e ntl y 

r e p ort e d Er 3 + - b a s e d N a Y F4 n a n o c r y st al s c o u pl e d t o t h e b a c k si d e of a- Si 

s ol ar c ell s. D e Wil d et al. [ 1 1 2 ,1 1 3 ] u s e d 2 0 0 – 3 0 0 μ m t hi c k l a y er s of 

β - N a Y F4 : Y b3 + , E r3 + p o w d e r  di s p e r s e d  i n  p ol y m et h yl m et h a cr yl at e 

( P M M A) a n d a p pli e d t o t h e b a c k si d e of a- Si c ell s u si n g s pi n- c o ati n g; t h e y 

r e c or d e d a 3 x i n cr e a s e i n t h e s h ort- cir c uit c urr e nt. O n t h e ot h er h a n d, 

Z h a n g et al. [ 1 1 4 ] i m pl e m e nt e d N a Y F 4 n a n o c r y st al s wit h 1 8 % Y b 3 + a n d 

2 % E r 3 + d o pi n g t o a c hi e v e a n i n cr e a s e of ⁓ 6 % i n s h ort- cir c uit c urr e nt 

d e n sit y f or t h eir a- Si c ell s, a s s h o w n i n Fi g. 5 . L at er, C h e n et al. [1 1 5 ] 

a p pli e d β - N a Y F4 : E r3 + p o w d e r  di s p e r s e d  i n  c y cl o h e x a n e  t o  pr o d u c e  a 

2 0 0 μ m  t hi c k  U C  l a y er  o n  a  gl a s s  s u b str at e,  f oll o w e d  b y  p h y si c al 

pl a c e m e nt of it b el o w a n a- Si c ell. U n d er si n gl e-ill u mi n ati o n wit h 6 0 / 8 0 

m W / c m 2 9 8 0 / 1 5 6 0 n m di o d e l a s er s, s h ort- cir c uit c urr e nt s of 0. 3 / 0. 0 1 

μ A w er e m e a s ur e d, r e s p e cti v el y. U n d er c o- e x cit ati o n b y 6 0 m W 9 8 0 n m 

a n d 1 0 0 m W 1 5 6 0 n m l a s er s, a c urr e nt i m pr o v e m e nt t o 0. 5 4 μ A w a s 

o bt ai n e d, o wi n g t o t h e U C-i n d u c e d e n h a n c e m e nt. 

M or e r e c e ntl y, M ar k o s e et al. [ 5 2 ] i n v e sti g at e d t hr e e diff er e nt h o st 

l atti c e s, Y2 O 3 , Y O F a n d Y F3 , f o r ( Y b3 + , E r3 + ) c o- d o pi n g, a n d f o u n d Y F 3 a s 

t h e b e st m atri x a m o n g t h e t e st e d o n e s, f or t h e p erf or m a n c e e n h a n c e -

m e nt  of  a- Si  c ell s.  A n  i m pr o v e m e nt  of  7. 5 %  i n  s h ort- cir c uit  c urr e nt 

d e n sit y  w a s  r e c or d e d  f or  Y F 3 : Y b3 + , E r3 + U C  l a y e r s  o n  A M 1. 5 G  al o n g 

wit h a si n gl e w a v el e n gt h di o d e l a s er s o ur c e of 9 8 0 n m. Li u et al. [ 1 1 6 ] 

r e p ort e d a n e n h a n c e m e nt of 2 5 %, a s s h o w n i n Fi g. 5 i n t h e s h ort- cir c uit 

c urr e nt f or a t hi n fil m a- Si s ol ar c ell b y a p pl yi n g ( Y b 3 + , E r3 + ) c o- d o p e d 

β - N a Y F4 di s p e r s e d i n a P M M A l a y er. 

Fi g. 5. ( a) I– V c ur v e of t h e pi o n e eri n g w or k d o n e i n 2 0 0 9 u si n g Y b 3 + , E r3 + c o- d o p e d β - N a Y F4 i n e n h a n ci n g t h e p erf or m a n c e of a- Si s ol ar c ell s u n d er A M 1. 5 G 

irr a di ati o n [1 1 4 ]. ( b) I – V c ur v e s h o wi n g a 2 5 % r el ati v e e n h a n c e m e nt i n I s c of a- Si s ol a r c ell b y a d di n g Y b 3 + , E r3 + c o- d o p e d β - N a Y F4 U C l a y e r [ 1 1 6 ]. ( c) E Q E c ur v e of 

a- Si s ol ar c ell t h at s h o w s a cl e ar e n h a n c e m e nt of t h e 9 0 0 – 1 0 0 0 n m r e gi o n a b s or pti o n [ 1 1 6 ]. ( d) E n h a n c e m e nt i n t h e J s c of a bif a ci al c- Si s ol ar c ell, a c hi e v e d b y 

i ntr o d u ci n g a n A L D- gr o w n U C ( Er0. 9 5 H o 0. 0 5 ) 2 O 3 t hi n- fil m l a y er [4 9 ]. R ef er e n c e c ell s ar e i n bl a c k a n d U C- a s si st e d c ell s ar e i n r e d. ( F or i nt er pr et ati o n of t h e r ef er e n c e s 

t o c ol o ur i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e W e b v er si o n of t hi s arti cl e.) 

A. G h a z y et al.                                                                                                                                                                                                                                  
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C r y st alli n e sili c o n s ol a r c ell s: T h e n arr o w b a n d g a p of c- Si ( ⁓ 1. 1 

e V) all o w s t h e c- Si c ell s t o a b s or b p h ot o n s u p t o 1 1 0 0 n m. H e n c e, t h e 

e m pl o y m e nt of Y b 3 + - b a s e d U C m at e ri al s wit h t h e a b s or pti o n m a xi m u m 

ar o u n d 9 8 0 n m i s n ot tr ul y f e a si bl e; r at h er, ot h er U C L n i o n s s h o ul d b e 

c h all e n g e d [ 1 1 7 ]. I n t hi s r e g ar d, S h al a v et al. [ 8 6 ] i n 2 0 0 5 a n d L a h o z 

[ 9 4 ]  i n  2 0 0 8  i ntr o d u c e d  Er 3 + - d o p e d  N a Y F4 mi c r o c r y st al s  a n d 

H o 3 + - d o p e d o x y fi u o ri d e gl a s s c er a mi c s f or e x p a n di n g t h e a b s or pti o n of 

c- Si  s ol ar  c ell s  i nt o  t h e  s u b- b a n d g a p  r e gi o n.  T h e s e  i o n s  a b s or b  at 

1 1 5 0 – 1 2 3 0 n m ( H o 3 + ) a n d 1 4 5 0– 1 5 5 0 n m ( Er 3 + ), a n d t h e e mi s si o n of 

t h e U C p h ot o n s t a k e s pl a c e at < 1 0 0 0 n m. A n attr a cti v e f e at ur e r el at e d t o 

t h e u s e of H o3 + (i n st e a d of e. g. Er 3 + ) i s t h at t h e s ol ar i nt e n sit y at ⁓ 1 1 8 0 

n m i s hi g h er t h a n at t h e l o n g er w a v el e n gt h s, i n di c ati n g hi g h er p ot e nti al 

f or t h e s ol ar e n er g y h ar v e sti n g fr o m t hi s s p e ctr al r a n g e. A n i nt er e sti n g 

i d e a i s t o u s e mi xt ur e s of t w o or m or e l a nt h a ni d e s i n c o m p ati bl e c o n-

c e ntr ati o n s t o m a xi mi z e t h e U C p erf or m a n c e. F or i n st a n c e, ( H o 3 + , Y b3 + ) 

c o- d o p e d U C m at eri al s c a n pr o vi d e str o n g er NI R l u mi n e s c e n c e d u e t o 

t h e i nt er-i o n e n er g y tr a n sf er a n d s e n siti z ati o n [1 1 8 ]. 

Fi s c h er et al. [ 1 0 8 ] r e p ort e d t h e u s e of Er 3 + - d o p e d B a Y2 F 8 U C l a y e r s 

t o r e a c h 8 % E Q E u n d er 1 5 2 0 n m m o n o c hr o m ati c e x cit ati o n; t h e r el ati v e 

s ol ar c ell ef fi ci e n c y e n h a n c e m e nt w a s 0. 5 5 ± 0. 1 4 % at 9 4 ± 1 7 s u n s. 

M o n o cr y st alli n e  B a Y 2 F 8 : E r3 + s h o w s  l e s s  s c att eri n g  t h a n  t h e  t y pi c all y 

u s e d  mi cr o cr y st alli n e  p o w d er s  s u c h  a s β - N a Y F4 : E r3 + .  I n c o mi n g  l o w er 

e n er g y  p h ot o n s  c a n  e nt er  d e e p  i nt o  t h e  m o n o cr y st alli n e  m at eri al, 

r e s ulti n g  i n  hi g h er  e xt e nt  of  a b s or pti o n  fr o m  a br o a d  s p e ctr al  r a n g e. 

C o n si d er a bl y  s m all er  e n h a n c e m e nt  i n  E Q E,  i. e.  0. 4 %,  w a s  a c hi e v e d 

w h e n  Er 3 + d o p e d  t ell u rit e  gl a s s  w a s  c o m bi n e d  wit h  a  c- Si  c ell  u n d er 

1 5 0 0 n m l a s er e x cit ati o n [ 1 1 9 ]. M or e r e c e ntl y, w e d e m o n str at e d a 3 % 

i m pr o v e m e nt i n s h ort- cir c uit c urr e nt d e n sit y, a s s h o w n i n Fi g. 5 , u n d er a 

s ol ar e x cit ati o n e q ui v al e nt t o 1 6 s u n s, f or a bif a ci al c- Si c ell c o m bi n e d 

wit h A L D- gr o w n ( Er 0. 9 5 H o 0. 0 5 ) 2 O 3 t hi n fil m [4 9 ]. 

D y e  s e n siti z e d  s ol a r  c ell s: T h e  p o w er  c o n v er si o n  ef fi ci e n c y  of 

D S S C s d e p e n d s o n t h e b a n d g a p of t h e d y e u s e d; f or t h e m o st c o m m o nl y 

u s e d r ut h e ni u m d y e t h e b a n d g a p i s ~ 1. 8 e V, w hi c h a v ert s t h e c ell s fr o m 

a b s or bi n g li g ht b e y o n d ~ 8 0 0 n m. T h u s, D S S C s i n h er e ntl y s uff er fr o m a 

l o w P C E [2 4 ], wit h t h e r e c or d i n P C E b ei n g 1 4. 7 % fr o m t h e y e ar 2 0 1 5 

[ 1 2 0 ]. H e n c e, D S S C s ar e ar g u a bl y t h e s ol ar c ell t y p e t h at c o ul d b e n e fit 

t h e m o st fr o m t h e U C i nt e gr ati o n [1 0 ]. 

T h er e ar e s e v er al a p pr o a c h e s w h e n i n c or p or ati n g t h e U C l a y er s wit h 

D S S C, a s s e e n i n Fi g. 6 , o n e of t h e m i s a d di n g t h e U C m at eri al t o t h e Ti O2 
l a y e r. T hi s a p pr o a c h w a s pi o n e er e d b y S h a n a n d D e m o p o ul o s i n 2 0 1 0 

[ 2 1 ], w h o f a bri c at e d a D S S C c ell b y i n c or p or ati n g ( Y b 3 + , E r3 + ) c o- d o p e d 

L a F 3 wit h t h e Ti O 2 l a y e r of t h e c ell. R e c e ntl y, a si mil ar a p pr o a c h w a s 

f oll o w e d b y Qi n et al. [1 2 1 ] i n t h eir st u d y w h er e H o 3 + - d o p e d N a Y b F4 
w a s a d d e d t o t h e Ti O 2 l a y e r, i n c r e a si n g t h e P C E of t h e c ell fr o m 5. 8 4 % t o 

7. 5 2 %, u n d er o n e s u n ill u mi n ati o n. 

A n ot h er r o ut e t o i nt e gr at e U C m at eri al s t o D S S C d e vi c e s i s t o a d d t h e 

U C c o m p o n e nt a s a r e ar r e fi e ct or f u n cti o n al l a y er, t h u s s er vi n g t h e t w o 

p ur p o s e s of li g ht h ar v e sti n g a n d r e fi e cti o n si m ult a n e o u sl y. I n 2 0 1 1, Li u 

et  al.  [ 1 2 4 ]  a d d e d  ( Y b 3 + , E r3 + )  c o- d o p e d  Y 3 Al 5 O 1 2 l a y e r  a s  a  b a c k 

r e fi e ct or, a n d d e m o n str at e d t h at 9 8 0 n m l a s er irr a di ati o n r e s ult e d i n a n 

e n h a n c e d J s c. M o r e r e c e ntl y, a r e m ar k a bl e 3 3. 5 % r el ati v e e n h a n c e m e nt 

u n d er o n e s u n ill u mi n ati o n w a s r e p ort e d f or a D S S C d e vi c e i n w hi c h t h e 

U C ( Y b 3 + , E r3 + ) c o- d o p e d C e O 2 , u s e d a s a b a c k r e fi e ct or a n d s c att eri n g 

l a y er at t h e b a c k of a D S S C, w a s a d diti o n all y d o p e d wit h F e3 + [ 1 2 5 ]. 

A n alt er n ati v e a p pr o a c h i s t o e m pl o y t h e U C m at eri al a s a c o u nt er 

el e ctr o d e f or t h e D S S C; t hi s w a s r e p ort e d b y Li et al. [ 1 2 3 ] i n 2 0 1 4 w h o 

ai m e d t o i m pr o v e t h e p erf or m a n c e of t h e c ell u si n g a l o w er c o st c o u nt er 

el e ctr o d e t o r e pl a c e Pt. U si n g ( Y b 3 + , E r3 + ) c o- d o p e d fi u ori n e ti n o xi d e 

( F T O) a s a c o u nt er el e ctr o d e t h e y c o ul d a c hi e v e a r el ati v e e n h a n c e m e nt 

of 2 4 % i n J s c a n d i n c r e a s e t h e P C E fr o m 6. 7 % t o 7. 3 0 %, c o m p ar e d t o a 

st a n d ar d  Pt  el e ctr o d e,  u n d er  o n e  s u n  ill u mi n ati o n.  M or e  r e c e ntl y,  a 

r e m ar k a bl e  6 8. 5 %  r el ati v e  e n h a n c e m e nt  c o m p ar e d  t o  a  st a n d ar d 

U C-fr e e Pt el e ctr o d e  w a s r e p ort e d f or  a S n S- c ar b o n  c o u nt er el e ctr o d e 

pr e p ar e d u si n g ( Y b 3 + , E r3 + ) c o- d o p e d C e O 2 , r ai si n g t h e P C E of t h e D S S C 

fr o m 5. 6 5 % t o 9. 5 2 %, u n d er o n e s u n irr a di ati o n [1 2 6 ]. I nt er e sti n gl y, i n 

t h e s a m e st u d y a d di n g a si mil ar U C l a y er t o t h e Pt- el e ctr o d e b a s e d D S S C 

r ai s e d t h e P C E of t h e c ell t o 8. 3 2 %, w hi c h tr a n sl at e s t o a 4 7. 3 % r el ati v e 

e n h a n c e m e nt. 

P e r o v s kit e s ol a r c ell s: A n attr a cti v e f e at ur e of P S C s i s t h eir l ar g e 

a b s or pti o n c o ef fi ci e nt [ 1 2 7 ]. H o w e v er, t h e r el ati v el y wi d e b a n d g a p of 

~ 1. 5 5 e V of t h e m o st c o m m o n m at eri al c o m p o n e nt s i n P S C s li mit s t h e 

a b s or pti o n of s u c h c ell s t o ~ 7 8 0 n m. T hi s, o n t h e ot h er h a n d, m a k e s t h e 

P S C s a n i d e al t ar g et f or t h e i nt e gr ati o n of U C m at eri al s t o br o a d e n t h e 

a b s or pti o n r a n g e [ 1 2 8 ]. U p c o n v er si o n- e n h a n c e d P S C w a s fir st r e p ort e d 

b y C h e n et al. [ 1 2 9 ] i n 2 0 1 6, w h o a d d e d ( Y b 3 + , E r3 + ) c o- d o p e d Li Y F 4 a s 

a n e xt e r n al li g ht c o n v erti n g l a y er t o t h e c ell, t o e n h a n c e t h e P C E b y 7. 9 % 

u n d er a 7 – 8 s u n ill u mi n ati o n, a s s h o w n i n Fi g. 7 . T h e s a m e t e c h ni q u e 

w a s u s e d m or e r e c e ntl y i n a st u d y w h er e a pl a s m o n- e n h a n c e d N a Y F 4 : 

Y b 3 + , E r3 + / N a Y F 4 : Y b3 + , T m3 + / A g c o m p o sit e U C l a y er ( Fi g. 4 ) w a s f o u n d 

t o e n h a n c e t h e P C E of t h e c ell fr o m 1 6. 1 % t o 1 9. 5 % ( 2 1 % i n cr e a s e), 

u n d er o n e s u n ill u mi n ati o n [ 8 8 ]. A d di n g U C e xt er n al l a y er t o t h e r e ar 

si d e of t h e c ell, s h o w e d b ett er P C E e n h a n c e m e nt t h a n t o t h e fr o nt si d e of 

Fi g. 6. I– V c ur v e s a n d s c h e m ati c di a gr a m s of U C a s si st e d D S S C u si n g diff er e nt a p pr o a c h e s; ( 1) i n c or p or ati n g t h e U C p h o s p h or i n t h e Ti O 2 l a y e r [8 7 ], ( 2) a d di n g a U C 

r e ar r e fi e ct or l a y er [ 1 2 2 ] a n d ( 3) r e pl a ci n g Pt c o u nt er el e ctr o d e wit h a U C el e ctr o d e [ 1 2 3 ]. 
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t h e P S C [1 3 0 ]. 

A n ot h er a p pr o a c h i s t o i n c or p or at e t h e U C m at eri al i n t h e p er o v s kit e 

a cti v e l a y er. T hi s w a s d e m o n str at e d i n 2 0 1 7 b y M e n g et al. [ 1 3 1 ] u si n g 

β - N a Y F4 : Y b3 + , E r3 + n a n o c r y st al s e m b e d d e d wit hi n t h e p er o v s kit e l a y er 

i n diff er e nt a m o u nt s, r ai si n g t h e P C E of t h e c ell fr o m 1 2. 1 % t o 1 8. 6 0 % a s 

s h o w n i n Fi g. 7 o n a v er a g e, t o a c hi e v e a r e m ar k a bl e r el ati v e e n h a n c e -

m e nt  of  5 4. 4 %  c o m p ar e d  t o  t h e  c o ntr ol  d e vi c e,  u n d er  o n e  s u nli g ht 

ill u mi n ati o n. 

A t hir d a p pr o a c h i s t o a d d t h e U C c o m p o n e nt t o t h e h ol e tr a n s p ort 

l a y er  of  t h e  P S C.  T hi s  w a s  e x pl or e d  b y  H e  et  al.  [1 3 2 ]  w h o  a d d e d 

β - N a Y F4 : Y b3 + , E r3 + t o r e pl a c e t h e m e s o p or o u s Ti O2 l a y e r of t h e c ell, t h u s 

r ai si n g t h e P C E of t h e c ell fr o m 1 2. 8 8 % t o 1 7. 7 8 %, u n d er o n e s u n ill u -

mi n ati o n; a n a d diti o n al 0. 3 5 % i n cr e a s e i n P C E w a s o bt ai n e d b y 9 8 0 n m 

l a s er irr a di ati o n. L at er, D e n g et al. [7 3 ] u s e d t h e s a m e t e c h ni q u e a d di n g 

U C Li( G d, Y F 4 : Y b3 + , E r3 + n a n o c r y st al s wit h diff er e nt c o n c e ntr ati o n s, t o a 

P S C, i n cr e a si n g t h e P C E of t h e c ell fr o m 1 4. 7 % t o 1 8. 3 % ( Fi g. 7 ) a n d 

a c hi e vi n g al m o st 2 5 % r el ati v e e n h a n c e m e nt c o m p ar e d t o t h e u n d o p e d 

c ell u n d er si m ul at e d o n e s u n ill u mi n ati o n. 

I n T a bl e 2 , w e h a v e c oll e ct e d r e c e nt hi g hli g ht s of t h e s ol ar c ell p er-

f or m a n c e e n h a n c e m e nt s a c hi e v e d wit h t h e U C i nt e gr ati o n. A s a g e n er al 

c o m m e nt,  it  s h o ul d  b e  n ot e d  t h at  t h e  L n 3 + a n d  t r a n siti o n  m et al  ( e. g. 

F e 3 + )  d o p a nt s  m a y,  t o  c ert ai n  e xt e nt,  c o ntri b ut e  t o  t h e  o b s er v e d 

e n h a n c e m e nt d u e t o t h eir o w n p h ot ol u mi n e s c e n c e eff e ct. 

5.  C o n cl u si o n s a n d o utl o o k 

I n t hi s bri ef o v er vi e w, w e h a v e o utli n e d t h e b a si c p h e n o m e n a, m a-

t eri al d e si g n i s s u e s a n d i nt e gr ati o n str at e gi e s r el at e d t o t h e utili z ati o n of 

u p c o n v er si o n m at eri al s f or e n h a n ci n g t h e p erf or m a n c e of v ari o u s t y p e s 

of s ol ar c ell s t hr o u g h s p e ctr al m a ni p ul ati o n. T hi s r e s e ar c h fi el d h a s b e e n 

str o n gl y e m er gi n g i n r e c e nt y e ar s, a n d f or all t h e m aj or t y p e s of s ol ar 

c ell s pr o mi si n g r e s ult s h a v e alr e a d y b e e n r e p ort e d. F or e x a m pl e, a J s c of 

2 0. 5  m A / c m 2 a n d  2 1. 9  w hi c h  r e fi e ct s  a  ~ 7 9 %  a n d  ~ 6 3 %  r el ati v e 

e n h a n c e m e nt t o r e s p e cti v e c o ntr ol d e vi c e s h a v e b e e n r e p ort e d f or D S S C 

[ 1 2 6 ,1 4 2 ], w hil e f or t h e P S C, J s c h a s r e a c h e d of 2 2. 7 m A / c m 2 , r e fi e cti n g 

a ~ 4 0 % r el ati v e e n h a n c e m e nt t h a n t h e c o ntr ol d e vi c e [ 1 3 1 ]. H er e t h e 

dir e ct c o m p ari s o n of t h e gi v e n n u m b er s m a y n ot b e f ull y f air t h o u g h, a s 

t h er e ar e v ari o u s w a y s t o m e a s ur e a n d e x pr e s s t h e m a g nit u d e s of p er -

f or m a n c e e n h a n c e m e nt s; i n d e e d, e st a bli s h m e nt of a m or e st a n d ar d w a y 

of di s c u s si n g t h e U C- dri v e n e n h a n c e m e nt s c o ul d b e o n e of t h e d e v el -

o p m e nt t ar g et s i n f ut ur e. 

T h e pr o gr e s s i n t h e fi el d i s i m pr e s si v e c o n si d eri n g t h at ori gi n all y t h e 

U C p h e n o m e n o n w a s r e ali z e d o nl y wit h l a s er s yi el di n g v er y hi g h e x ci -

t ati o n  p h ot o n  d e n siti e s,  w hil e  t h e  r e c e nt  hi g hli g ht s  f or  U C- e n h a n c e d 

s ol ar  c ell s  h a v e  b e e n  d e m o n str at e d  wit h  a ct u al  s u n  li g ht  e x cit ati o n. 

T h er e i s d e fi nit el y still l ot of s p a c e f or i m pr o vi n g t h e ef fi ci e n c y of t h e 

a p pli e d U C l a y er s t h e m s el v e s. T hi s r e s e ar c h li n e s h o ul d i n cl u d e n ot o nl y 

t h e fi n e-t u ni n g of t h e c urr e ntl y k n o w n U C m at eri al s b ut al s o i n n o v ati v e 

s e ar c h f or n e w U C h o st m atri c e s. 

L a nt h a ni d e  i o n s  e m b e d d e d  i n  diff er e nt  h o st  l atti c e s  c o n stit ut e  t h e 

m o st i m p ort a nt U C m at eri al f a mil y r el e v a nt t o t h e P V t e c h n ol o g y. F or 

t h e r e q uir e d c a p a bilit y of h ar v e sti n g l o w er e n er g y p h ot o n s i n t h e NI R 

r a n g e a n d e mitti n g vi si bl e li g ht, t h e m o st a d v a nt a g e o u s l a nt h a ni d e i o n s 

ar e t h e h e a vi e st o n e s: Y b 3 + , T m3 + , E r3 + , H o3 + , a n d N d3 + . I n p r a cti c e, 

m o st of t h e st u di e s h a v e i n v ol v e d t h e c o m bi n ati o n of Y b 3 + a n d E r 3 + wit h 

t h e  m ai n  a b s or pti o n  i n  t h e  r a n g e  8 0 0– 1 0 0 0  n m;  t hi s  NI R  h ar v e sti n g 

r a n g e fit s q uit e w ell wit h t h e i ntri n si c a b s or pti o n c a p a bilit y of t h e P V 

c ell s  b a s e d  o n  t h e  wi d e- b a n d g a p  s e mi c o n d u ct or s  ( p er o v s kit e,  d y e- 

s e n siti z e d  a n d  or g a ni c  s ol ar  c ell s).  O n  t h e  ot h er  h a n d,  i n  t h e  c a s e  of 

Si- b a s e d  c ell s  t hi s  w a v el e n gt h  r a n g e  i s  alr e a d y  w ell  a b s or b e d  b y  t h e 

n arr o w- b a n d g a p Si it s elf ( a b s or b s w ell u p t o 1 1 0 0 n m). F or c- Si, i n st e a d 

of  Y b 3 + ,  e. g.  H o3 + t o g et h e r  wit h  Er3 + c o ul d  b e  m o r e  a p pr o pri at e  f or 

ef fi ci e nt U C e n h a n c e m e nt. I n d e e d, t h e m aj or NI R a b s or pti o n b a n d s f or 

H o 3 + a n d  E r 3 + a r e  i n  t h e  1 1 5 0 – 1 2 3 0  a n d  1 4 5 0 – 1 5 8 0  n m  r a n g e s.  I n 

f ut ur e  w or k s,  m or e  pr e ci s e  t u ni n g  of  t h e  U C  L n3 + i o n  c o m p o siti o n / 

c o n c e ntr ati o n  s h o ul d  b e  t ar g et e d  f or  e a c h  s ol ar  c ell  t y p e  s e p ar at el y. 

A n ot h er  f ut ur e  c h all e n g e  c o ul d  b e  t o  m or e  pr e ci s el y  i n v e sti g at e  a n d 

di s c u s s t h e tr u e c a u s e s of e n h a n c e m e nt s o b s er v e d wit h t h e U C m at eri al s. 

I n r e alit y, o nl y a fr a cti o n of t h e a b s or b e d p h ot o n s i s c o n v ert e d t o t h e U C 

l u mi n e s c e n c e, a n d b e si d e s t h e U C e mi s si o n t h er e i s al w a y s al s o r e g ul ar 

p h ot ol u mi n e s c e n c e  pr e s e nt.  Wit hi n  t h e  s ol ar  s p e ctr u m,  m a n y  of  t h e 

e n er g y st at e s of l a nt h a ni d e s c a n b e e x cit e d w hi c h m a y r e s ult i n r e g ul ar 

p h ot ol u mi n e s c e n c e  i n  t h e  vi si bl e  w a v el e n gt h s.  T hi s  i s  a  c h all e n g e 

r e g ar di n g  t h e  d e e p er  u n d er st a n di n g  a n d  i nt er pr et ati o n  of  t h e  e x p eri -

m e nt al o b s er v ati o n s, b ut at t h e s a m e ti m e w e s h o ul d l e ar n t o t a k e a f ull 

b e n e fit of all t h e u p c o n v er si o n, d o w n c o n v er si o n a n d p h ot ol u mi n e s c e n c e 

pr o c e s s e s e n a bl e d b y t h e diff er e nt l a nt h a ni d e s ( a n d e v e n s o m e d- bl o c k 

tr a n siti o n m et al s) t o b e a bl e t o h ar n e s s all t h e p o s si biliti e s f or t h e b e st 

Fi g. 7. I– V c ur v e s a n d s c h e m ati c di a gr a m s of U C a s si st e d P S C u si n g diff er e nt a p pr o a c h e s; ( 1) a d di n g t h e U C a s a n a d diti o n al a cti v e l a y er [ 1 2 9 ], ( 2) i n c or p or ati n g U C 

m at eri al s i n t h e a cti v e p er o v s kit e l a y er [ 1 3 1 ], a n d ( 3) i n c or p or ati n g t h e U C m at eri al i n t h e h ol e tr a n s p ort l a y er ( H T L) of t h e c ell [ 7 3 ]. 
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Table 2 
Recent highlights of UC-enhanced solar cells. (NG: Not given)  

Host material Ln dopant Indicator Irradiation Ref. without UC Relative enhancem. Year/Ref 

a-Si 
Y2O3 

YOF 
YF3 

Yb3�,Er3� JSC 98 suns 13.1 3.4% 4.8% 7.5% 2018 [52] 

�-NaYF4 Yb3�,Er3� ISC-EQE (980 nm) AM1.5G 0.4�0 25% -�0.05% 2018 [116] 
TeO2�PbF2 Yb3�,Er3� EQE (980 nm) NG 4.25 �10.6% 2014 [133] 
�-NaYF4 Yb3�,Er3�,Gd3� EQE (980 nm) NG 0.02 �0.12% 2012 [134] 
�-NaYF4 Er3� JSC laser (980, 1560 nm) NG �0.3 �A, �0.1 �A, 2012 [115] 
�-NaYF4 Yb3�,Er3� ISC AM1.5G 0.4 25% 2010 [114] 
�-NaYF4 Yb3�,Er3� EQE (980 nm) laser 980 nm 0.01 �0.02% 2010 [113] 
�-NaYF4 Yb3�,Er3� Jsc laser 980 nm 0.005 �0.005 2010 [112] 
c-Si 
(Er,Ho)2O3 Er3�,Ho3� ISC 16 suns 1021 3% 2021 [49] 
TeO2�WO3�ZrO2�Er2O3 Er3� EQE (1500 nm) laser 1500 nm 0.1 �0.3% 2017 [119] 
BaY2F8 Er3� EQE (1520 nm) 94 suns ~0 �7.4% 2015 [108] 
PbF2 Er3� EQE (1560 nm) NG 0 �0.38% 2014 [135] 
�-NaYF4 Yb3�,Er3� EQE (1523 nm) 77 suns 0 �3.4% 2014 [136] 
�-NaYF4 Er3� EQE (1500 nm) ~1 sun 0 �1.69% 2014 [107] 
InF3�20ZnF2�20SrF2�20BaF2 Yb3�,Er3� EQE (1480 nm) 864 suns 0.4 �0.1% 2013 [106] 
BaY2F8 Er3� EQE (1557 nm) ~62 suns 0 �6.5% 2013 [109] 
�-NaYF4 Er3� PCE ~1 sun 7.68 8.6% 2012 [137] 
ZrF4�BaF2�LaF3�AlF3�NaF�InF3 Er3� EQE (1540 nm) NG NG �2.4% 2011 [138] 
�-NaYF4 Er3� EQE (1523 nm) NG 0 �5.1% 2010 [139] 
�-NaYF4 Er3� EQE (1523 nm) NG 0 �3.4% 2007 [140] 
�-NaYF4 Er3� EQE (1523 nm) NG 0 �2.5% 2005 [110] 
DSSC 
�-NaYF4 Ho3� PCE AM 1.5G 5.8 28.8% 2021 [121] 
BiYO3 Yb3�,Er3� PCE 1 Sun 5.7 8.2% 2021 [141] 
NaYbF4 Ho3� PCE 1 Sun 6.4 46.1% 2021 [142] 
CaWO4@TiO2 Yb3�,Er3� PCE 1 Sun 6.9 21% 2020 [143] 
LiYF4 Yb3�,Er3� PCE AM 1.5G 5.0 51.1% 2020 [144] 
Y2O3 Ho3�,Yb3� PCE AM 1.5G 8.9% 10.3% 2020 [145] 
CeO2: Fe@TiO2 Yb3�,Er3� PCE AM 1.5G 5.5 33.5% 2020 [125] 
YbF3@TiO2 Ho3� PCE AM 1.5G 6.4 21% 2020 [146] 
CeO2 Yb3�,Er3� PCE AM 1.5G 5.7 68.5% 2020 [126] 
La(OH)3 @TiO2 Yb3�,Er3� PCE AM 1.5G 6.4 38.0% 2019 [147] 
NaYF4 @TiO2 Yb3�,Tm3� PCE AM 1.5G 6.13 14.7 2019 [148] 
Y2O3 Ho3�,Yb3� PCE 1 Sun 16.8�5.8 30.0% 2019 [87] 
NaYF4 @TiO2 Yb3�,Er3� PCE AM 1.5 5.5 31.6% 2019 [149] 
CaCe2(MoO4)4 Yb3�,Er3� PCE AM 1.5 6.5 19.9% 2018 [61] 
ZnO Yb3�,Er3� PCE AM 1.5G 8.3 8.3% 2018 [60] 
�-NaYF4 Yb3�,Er3� PCE AM 1.5G 5.6 29.8% 2018 [150] 
�-NaYF4 Yb3�,Er3�/Eu3� PCE AM 1.5G 6.7 14.0% 2018 [151] 
�-NaYF4@YOF Yb3�,Er3� PCE AM 1.5G 7.0 17.1 2018 [152] 
Y2O3@TiO2 Er3� PCE 1 Sun 5.4 43.6% 2018 [153] 
CeO2 Yb3�,Er3� PCE AM 1.5G 5.5 27.0% 2017 [154] 
�-NaYF4@SiO2@TiO2 Yb3�,Er3� PCE AM 1.5G 5.6 16.6% 2017 [94] 
Y2O3/Au@TiO2 Er3� PCE AM 1.5G 6.8 27.6% 2016 [155] 
�-NaYF4@�-NaYF4 Yb3�,Er3� PCE AM 1.5G 7.1 28.2% 2016 [156] 
NaYF4@SiO2@Au@TiO2 Yb3�,Er3� PCE AM 1.5G 6.1 28.1% 2016 [157] 
YbF3/TiO2 Ho3� PCE AM 1.5G 6.5 24.6% 2016 [158] 
Gd2O3 Yb3�,Ho3� PCE 1 sun 6.7 10.4% 2016 [159] 
�-NaGdF4 Yb3�,Er3� PCE AM 1.5G 3.6 19.44% 2016 [160] 
Gd2(MoO4)O3 Yb3�,Er3� PCE AM 1.5G 2.9 24.8% 2016 [161] 
�-NaYF4@SiO2@TiO2 Yb3�,Er3� PCE AM 1.5G 8.67 5.0% 2016 [162] 
�-NaYF4 Yb3�,Er3� PCE AM 1.5G 5.7 25.6% 2015 [163] 
Y2O3, Y3Al5O12 Er3�, Ce3� PCE AM 1.5G 5.2 35.4% 2015 [164] 
�-NaYF4@SiO2 Yb3�,Er3� PCE AM 1.5G 3.7 6.8% 2015 [165] 
CeO2 Yb3�,Er3� PCE 1 sun 5.8 15% 2015 [166] 
�-NaGdF4 Yb3�,Er3� PCE AM 1.5G 6.8 11.3% 2015 [167] 
�-NaYF4 Yb3�,Er3�,Tm3� PCE AM 1.5G 3.4 27.4% 2015 [168] 
Y2O3 Yb3�,Er3� PCE 1 sun 5.9 12.5% 2015 [169] 
ZnO/TiO2 Yb3�,Er3� PCE NG 3.0 35.8% 2015 [170] 
�-NaYF4@TiO2 Yb3�,Er3� PCE 1 Sun 6.2 24.5% 2014 [171] 
�-NaYF4@ �-NaYF4 Yb3�,Er3� PCE AM 1.5G 5.0 5.9% 2014 [172] 
�-NaYF4@SiO2 Yb3�,Er3� PCE AM 1.5G 6.0 6.7% 2014 [173] 
FTO Yb3�,Er3� PCE AM 1.5G 6.7 9.0% 2014 [123] 
F-doped TiO2 Yb3�,Er3� PCE AM 1.5G 6.3 40.1% 2014 [174] 
YF3 Yb3�,Er3� PCE AM 1.5G 5.3 26.6% 2014 [175] 
�-NaYF4@SiO2@Au Yb3�,Er3� PCE AM 1.5G 7.2 14.8% 2014 [176] 
�-NaGdF4 Yb3�,Er3� PCE AM 1.5G 5.8 21.4% 2014 [122] 
�-NaYF4@SiO2@TiO2 Yb3�,Er3� PCE 1 Sun 7.8 18.1 2013 [177] 
TiO2 Er3� PCE AM 1.5G 4.1 62.9% 2013 [178] 
TiO2-xFx Yb3�,Er3� PCE AM 1.5G 5.4 31.1% 2013 [179] 

(continued on next page) 
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possible utilization of these different energy conversion processes. 
From the practical performance point of view, the era of UC- 

enhanced PV is yet in its infancy, considering how far we are from the 
possibly achievable maximum values. Among the different PV technol
ogies, the market leading c-Si technology could turn out to be the most 
rewarding for the UC enhancement efforts in the sense that the perfor
mance of these cells is otherwise approaching a kind of saturation 
(current records around 27% versus the ~30% S-Q limit), meaning that 
the improvements expected through �standard��PV development efforts 
can be only fractional [211,212]. Optimistically, for the UC-enhanced 
c-Si PV technology the new target could be set much higher, even up 
to 40%, to truly shake the PV community. 

From another perspective, it is difficult to see that the UC-enhanced 
solar cells could as such compete with the recent developments in the PV 
field, such as the tandem cells or new solar cell materials. Nevertheless, 
the UC components can be considered as a complementary technology 
which rather builds on top of the existing technologies providing extra 
boost to these technologies. A clear advantage is the relatively easy 
integration of the UC layers into the current PV cells, without drastically 
affecting the device configurations or process lines. Here the already 
existing strong c-Si PV infrastructure could be highly beneficial for the 
fast transition from the innovation to the commercial large-scale 
utilization. 

Finally, we like to emphasize the importance of the fabrication 
technique of the UC layers/coatings. The conventional solution-based 

spin-coating, spray-drying and electrodeposition methods offer limited 
control over the film thickness and conformality, and are less feasible 
from the industry points of view. Here advanced gas-phase thin film 
techniques could offer clear benefits, being for example free from sol
vent impurities. The ALD technique in particular ��known as the state-of- 
the-art gas-phase thin-film technology in conventional microelectronics 
��yields precisely thickness-controlled, conformal, and uniform coatings 
over large-area and complex substrate surfaces. The ALD technology is 
already well integrated with the silicon-based PV industry for the 
fabrication of metal oxide surface passivation layers [213,214], where it 
has proven its capability to fulfil the cost, throughput and performance 
criteria. Moreover, we already have the required well-behaving ALD 
processes available for a number of Ln-based thin films [215], including 
those with promising photoluminescence and upconversion properties. 
The ALD precursors employed are non-toxic and safe to handle, but 
naturally the lanthanides used as the UC activators in general are 
considered as critical raw materials, which should be taken into account 
considering their mass production for GW-scale PV factories. Despite the 
great prospects, efforts to integrate the ALD-grown UC films with actual 
PV cells have remained scarce. An exciting idea would be to develop a 
new ALD UC coating that could simultaneously work as the surface 
passivation layer. 

Table 2 (continued ) 

Host material Ln dopant Indicator Irradiation Ref. without UC Relative enhancem. Year/Ref 

�-NaYF4@TiO2 Yb3�,Er3� PCE AM 1.5G 3.5 23.1% 2013 [180] 
�-NaYF4 Yb3�,Er3� PCE AM 1.5G 2.7 4.4% 2012 [181] 
Y2O3 Yb3�,Er3� PCE 1 sun 5.8 19.9% 2012 [182] 
NaYF4 Yb3�,Er3� PCE AM 1.5G 1.6 11.9% 2011 [183] 
TiO2 Yb3�,Er3� PCE AM 1.5G 6.4 13.6% 2011 [184] 
Lu2O3 Yb3�,Tm3� PCE 1 sun 6.0 11.1% 2011 [185] 
�-NaYF4 Yb3�,Er3� PCE AM 1.5G 5.5 26.6% 2011 [186] 
YF3 Yb3�,Er3� PCE 1 sun 5.8 35.5% 2011 [187] 
Y3Al5O12 Yb3�,Er3� Jsc laser 980 nm ~0 0.2% 2011 [124] 
LaF3�TiO2 Yb3�,Er3� Isc AM 1.5G 6.2 2.4% 2010 [21] 
PSC 
NaCsWO3@ 

�-NaYF4@�-NaYF4 

Yb3�,Er3� PCE AM 1.5G 16.1 18.0% 2021 [188] 

IR783: NaYF4@NaYF4 Yb3�,Er3�,Nd3� PCE AM 1.5G 19.4 5.6% 2020 [189] 
TiO2 Yb3�,Er3� PCE AM 1.5G 8.3 16.5% 2020 [190] 
�-NaYF4@NaYF4 Yb3�,Er3�,Sc3� PCE AM 1.5G 17.4 15.8% 2019 [191] 
�-NaYF4@SiO2 Yb3�,Tm3� PCE AM 1.5G 12.3 14.81% 2019 [192] 
Li(Gd,Y)F4 Yb3�,Er3� PCE AM 1.5G 14.7 24.9% 2019 [73] 
�-NaYF4 Yb3�, Tm3� PCE AM 1.5G 15.8 15.2% 2019 [193] 
TiO2 Er3� PCE AM 1.5G 9.1 16.5% 2018 [194] 
�-NaYF4 Ho3� PCE AM 1.5G 11.1 29.0% 2018 [195] 
KY7F22 Yb3�,Er3� PCE AM 1.5G 13.2 6.1% 2018 [130] 
TiO2 Yb3�,Er3� PCE AM 1.5G 14.0 17.9% 2018 [196] 
�-NaYF4@�-NaYF4 Yb3�,Er3�,Tm3� PCE AM 1.5G 16.1 19.3% 2018 [88] 
�-NaYF4@ SiO2 Yb3�,Er3� PCE AM 1.5G 8.2 21.1 2018 [197] 
�-NaYF4 Yb3�,Er3� PCE AM 1.5G 13.5 46.4% 2017 [131] 
TiO2 Yb3�,Er3� PCE AM 1.5G 10.3 20.8% 2017 [198] 
�-NaYF4/Li�Ag@SiO2 Yb3�,Er3� PCE AM 1.5G 7.8 33.4% 2017 [199] 
�-NaYF4-IRM06 Yb3�,Er3� PCE AM 1.5G 13.5 29.4% 2017 [200] 
mCu2�xSx@SiO2@Er2O3 Er3� PCE AM 1.5G 16.2 9.9% 2017 [201] 
LiYF4 Yb3�,Er3� PCE 7-8 Suns 11 7.9% 2016 [129] 
�-NaYF4 Yb3�,Er3� PCE AM 1.5G 12.9 9.8% 2016 [132] 
�-NaYF4 Yb3�,Er3� PCE AM 1.5G 14.1 13.7% 2016 [202] 
�-NaYF4@�-NaYF4 Yb3�, Tm3� PCE AM 1.5G 14.7 8.8% 2016 [203] 
Others 
(QDSSC)TiO2/CdS/�-NaYF4 Yb3�,Er3� PCE 1 sun 2.14 106% 2020 [204] 
(QDSSC)TiO2 Yb3�,Er3� PCE AM 1.5G 2.9 20% 2020 [205] 
(GaAs) �-NaYF4 Yb3�,Er3� PCE AM 1.5G 7.9 68.4% 2018 [206] 
(Polymer) �-NaYF4 Yb3�,Er3� PCE AM 1.5G 3.1 6.5% 2014 [207] 
(Organic) �-NaYF4 Yb3�,Er3� PCE laser (980 nm) 0.0048 29.1% 2012 [208] 
(Organic) Y2BaZnO5 Yb3�,Ho3� EQE (980 nm) laser (980 nm) 

~37 suns 
0.2 �4.95% 2012 [209] 

(GaAs) Y6W2O15 Yb3�,Er3� Isc laser (973 nm) 0 �3.58 �A 2012 [210] 
(GaAs) vitroceramic Yb3�,Er3� PCE NG 0 �2.5% 1996 [20]  

A. Ghazy et al.                                                                                                                                                                                                                                  



Solar Energy Materials and Solar Cells 230 (2021) 111234

11

CRediT authorship contribution statement 

Amr Ghazy: Conceptualization, Visualization, Writing �� original 
draft. Muhammad Safdar: Writing �� review & editing. Mika Lastu
saari: Writing �� original draft. Hele Savin: Writing �� original draft. 
Maarit Karppinen: Conceptualization, Supervision, Funding acquisi
tion, Writing ��original draft. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

Funding was received from the Academy of Finland (Profi 3), and the 
Flagship Programme, Photonics Research and Innovation (PREIN). Also, 
Amr Ghazy acknowledges Jenny & Antti Wihuri Foundation for finan
cial support. 

References 

[1] Global market for solar power overview, Sol. Power Eur. (2020) 17. http 
s://www.solarpowereurope.org/european-market-outlook-for-solar-power-202 
0-2024/. (Accessed 11 January 2021). 

[2] A. Khare, A critical review on the efficiency improvement of upconversion 
assisted solar cells, J. Alloys Compd. 821 (2020) 153214, https://doi.org/ 
10.1016/j.jallcom.2019.153214. 

[3] K. Yoshikawa, H. Kawasaki, W. Yoshida, T. Irie, K. Konishi, K. Nakano, T. Uto, 
D. Adachi, M. Kanematsu, H. Uzu, K. Yamamoto, Silicon heterojunction solar cell 
with interdigitated back contacts for a photoconversion efficiency over 26%, Nat. 
Energy 2 (2017) 1�8, https://doi.org/10.1038/nenergy.2017.32. 

[4] D.E. Carlson, C.R. Wronski, Amorphous silicon solar cell, Appl. Phys. Lett. 28 
(1976) 671�673, https://doi.org/10.1063/1.88617. 

[5] B. O�Regan, M. Grätzel, A low-cost, high-efficiency solar cell based on dye- 
sensitized colloidal TiO2 films, Nature 353 (1991) 737�740, https://doi.org/ 
10.1038/353737a0. 

[6] A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, Organometal halide perovskites as 
visible-light sensitizers for photovoltaic cells, J. Am. Chem. Soc. 131 (2009) 
6050�6051, https://doi.org/10.1021/ja809598r. 

[7] N.G. Park, Perovskite solar cells: an emerging photovoltaic technology, Mater. 
Today 18 (2015) 65�72, https://doi.org/10.1016/j.mattod.2014.07.007. 

[8] W.S. Yang, J.H. Noh, N.J. Jeon, Y.C. Kim, S. Ryu, J. Seo, S. Il Seok, High- 
performance photovoltaic perovskite layers fabricated through intramolecular 
exchange, Science 348 (80) (2015) 1234�1237, https://doi.org/10.1126/science. 
aaa9272. 

[9] T. Trupke, M.A. Green, P. Würfel, Improving solar cell efficiencies by up- 
conversion of sub-band-gap light, J. Appl. Phys. 92 (2002) 4117�4122, https:// 
doi.org/10.1063/1.1505677. 

[10] J.C. Goldschmidt, S. Fischer, Upconversion for photovoltaics - a review of 
materials, devices and concepts for performance enhancement, Adv. Opt. Mater. 
3 (2015) 510�535, https://doi.org/10.1002/adom.201500024. 

[11] W. Shockley, H.J. Queisser, Detailed balance limit of efficiency of p-n junction 
solar cells, J. Appl. Phys. 32 (1961) 510�519, https://doi.org/10.1063/ 
1.1736034. 

[12] J. De Wild, A. Meijerink, J.K. Rath, W.G.J.H.M. Van Sark, R.E.I. Schropp, 
Upconverter solar cells: materials and applications, Energy Environ. Sci. 4 (2011) 
4835�4848, https://doi.org/10.1039/c1ee01659h. 

[13] J.F. Geisz, R.M. France, K.L. Schulte, M.A. Steiner, A.G. Norman, H.L. Guthrey, M. 
R. Young, T. Song, T. Moriarty, Six-junction III�V solar cells with 47.1% 
conversion efficiency under 143 Suns concentration, Nat. Energy 5 (2020) 
326�335, https://doi.org/10.1038/s41560-020-0598-5. 
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