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※１ Lo n g  t e r m us e r s  o f  Ad van ced  R es ear ch  U se r  P ro pos a l s  a r e  r equ es t ed  

to  s ub mi t  t h i s  r epo r t  co r r e spo nd in g  to  e ach  r es ea r ch  t e rm  ( I ) ,  ( I I ) ,  o r  

( I I I ) ,  sp ec i f yi n g  each  r e sea r ch  t e r m a t  t h e  end  o f  t h e  R ep or t  T i t l e .  

 

※2   Us er s  o f  N on - p r op r i e t a r y p ro po sa l s  (P ub l i c  Us e r  P r o pos a l ,  A dv an ced  

Res ea r ch  Us e r  P r op os a l  wi t h  ex cep t io n  o f  b o t h  Tr i a l  C ou r se  and  

In d us t r y - A cad em ia  Co l l ab or a t io n  C ou r se ,  an d  F ro n t i e r  R esea r ch  

Us e r  P ro po sa l )  a r e  a l s o  r eq u es t ed  t o  pu b l i s h  t h e i r  r esu l t s  i n  t he  fo rm 

o f  a  r e f e reed  j ou rn a l  a r t i c l e  o r  t o  su bm i t  t h e i r  r e su l t s  i n  t h e  fo rm  o f  

a  S A GA - LS  R es ea r ch  R epo r t  r e f e reed  b y S A GA - LS  wi th in  tw o  yea r s  

f r om  th e  end  o f  t h e  cu r r en t  f i s ca l  yea r． 

 

１．Su mma ry（Not e :  P l ea s e  i n c lu de  con c lu s io n s） 
Fo r  a n a l yz i n g  b a n d  g a p  o f  G a 2 O 3  t h i n  f i l m s  w i t h  a m o r p h o u s  s t a t e  a n d  c r y s t a l i z e d  

s t a t e ,  w e  m e a s u r e d  t h e i r  va l e n c e  b a n d  u s i n g  s yn c h r o t r o n  X P S  a n d  G a  L  e d g e  a n d  O  

K  e d g e  u s i n g  N E X A FS .  W e  f o u n d  t h a t  f r o m  t h e  a m o r p h o u s  s t a t e  t o  t h e  c r y s t a l i z e  

s t a t e ,  t h e  m a i n  c h a n g e  i s  o n  t h e  c o n d u c t i o n  b a n d s .  B o t h  G a  L  e d g e  a n d  O  K  e d g e  s h i f t  

t o  t h e  h i g h e r  e n e r g y  v a l u e  a n d  t h e  f e a t u r e s  o f  t h e  s p e c t r a  a r e  a l s o  c h a n g e d .  T h i s  m a y  

b e  r e l a t e d  t o  t h e  s h o r t - r a n g e  o r d e r  i n  t h e  a m o r p h o u s  s t a t e  a n d  t h e  l o n g - r a n g e  o r d e r  

i n  t h e  c r y s t a l l i z e d  s t a t e .  U s i n g  t h e  s a m e  m e t h o d ,  w e  s t u d i e d  t h e  d o p e d  G a 2 O 3  t h i n  

f i l m s ,  s u c h  a s  S n  d o p e d  G a 2 O 3  ( S n -G a 2 O 3 )  a n d  M g  d o p e d  G a 2 O 3  ( M g -G a 2 O 3 ) .  

S n -G a 2 O 3  t h i n  f i l m  h a s  t h e  e x p a n d e d  va l e n c e  b a n d  o ve r  t h e  Fe r m i  l e ve l  and Ga L  edge 

shifts to the higher energy,  b e c a u s e  t h e  t e t r a v a l e n t  S n  i n  G a 2 O 3  d e n o t e s  e l e c t r o n s .  T h e  

va l e n c e  b a n d  o f  M g -G a 2 O 3  s h i f t s  t o  t h e  h i g h e r  b i n d i n g  e n e r g y  a n d  t h e  c o n d u c t i o n  h a s  
t h e  e x p a n d e d  G a  L  e d g e  t o  t h e  Fe r m i  l e ve l ,  b e c a u s e  t h e  b i va l e n t  M g  i n  G a 2 O 3  d e n o t e s  

h o l e s .   
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２．Pu rp os e  o f  ex per i ment  and  ba ck ground  

In  t h es e  yea r s ,  t h e  t h e r mo d yn am i ca l l y s t a b l e  β  ph as e  o f  ga l l i um  ox id e  

(G a 2 O 3 )  f i lm  has  a t t r ac t ed  th e  i n c rea s in g  in t e r es t  a s  o n e  o f  TC Os  

( t r ans p ar en t  con du c t in g  ox id e)  t h i n  f i l ms .  
[ 1 ]

 In  f a c t ,  G a 2 O 3  i s  a  t r ans pa r en t  

i n su l a to r  wi th  b an d  gap  o f  4 . 85  eV .  Bu t  w i th  t h e  d on or  d o p in g ,  su ch  as  S i
4 +

,  

Sn
4 +

,  o r  ox ygen  v acan c y,  i t  c an  b e  t un ed  to  h i gh  e l ec t r i c a l  co nd uc t iv i t y  ( 38  

S /cm )  and  co l o r f u l  t r an sp a ren c y .  
[ 2 - 4 ]

 Th es e  b eh av io rs  m ake  i t  p ro mis i n g  in  

t he  po t en t i a l  ap p l i c a t i ons  o f  s o l a r - b l i nd  p ho t od e t ec to r s ,  
[ 5 ]

 so l a r  c e l l s ,  
[ 6 ]

 

an d  a l so  f i e ld  e f f ec t  t r ans i s to r s .  
[ 7 ]

 Recen t l y,  b a sed  on  th e  p r ev i ous  NiO  

(1 11 )  ep i t ax i a l  s eed  l a ye r  on  sapph i r e  s ubs t r a t e ,  w e  ob t a in ed  

dev i ce - qu a l i f i ed  c r ys t a l i z ed  G a 2 O 3  ( C r y- G a 2 O 3 )  f r om amo r ph ous  G a 2 O 3  

(A m- G a 2 O 3 )  u s i n g  Kr F  ex c im er  l a s e r  an n ea l in g ,  and  a l so  Sn  d op ed  Ga 2 O 3  

(Sn - Ga 2 O 3 )  and  M g dop ed  β -G a 2 O 3  (M g-G a 2 O 3 )  ep i t ax i a l  t h in  f i l ms .  In  o rd e r  

t o  ex amin e  th e  e l e c t ron i c  s t r u c tu r e  an d  b and  gap  o f  Ga 2 O 3  t h in  f i lm s  

ep i t ax i a l l y  g r o wn  o n  th e  u l t r a - s m oot h  s app h i r e  su bs t r a t es ,  w e  wi l l  

i nv es t i ga t e  t h e  co re  l ev e l ,  v a l en ce  b an d  an d  co nd u c t io n  b an d  o f  Am- G a 2 O 3 ,  

C r y- G a 2 O 3  ( a l s o  m ark ed  as  G a 2 O 3 ) ,  S n - G a 2 O 3 ,  M g- G a 2 O 3  t h in  f i lms .   

３．Exper i ment a l（N ot e :  Des cr ip t i on  o f  s amp le，m et hod  o f  ex p e r im en t  and  

an a l ys i s ,  e t c .）  

Th e  N E XA FS and  X PS  da ta  o f  P d@ H K UST -1  and  HK US T - 1  w e re  r eco rd ed  a t  

B L1 2 ,  S A GA  Li gh t  Sou r ce .  D ur in g  NE XA FS  ex pe r i men t ,  b o t h  a  t o t a l  

e l e c t ro n  yi e ld  and  a  f l uo r es cen ce  yi e l d  we r e  co l l e c t ed .  T he  to t a l  e l e c t ro n  

y i e ld  mo d e  can  p ro be  th e  m at e r i a l s  wi th  t h e  o r de r  o f  s ev e r a l  nano me te r s  

ben ef i c i a l  fo r  t h e  s tud y o f  n an om at e r i a l s .  W hi l e  t h e  p r ob in g  d ep t h  f o r  

f l u o re s cen ce  m eas u r em en t s  o f  t h e  o rd e r  o f  1 00  nm  f o r  t he  f l uo r es cen ce  

X- r a ys ,  u s ed  fo r  t he  b u lk  r e f e r ences .  T h e  o ve r a l l  r e s o lu t io n  i s  0 . 1  eV .  Fo r  t h e  

va l en ce  b an d  m easu r em en t ,  w e  us ed  S ynchr o t ro n  X - r a y s o ur ce .  For  t h e  co r e  

l ev e l  measu r em en t ,  w e  us ed  Al  K α  s ou r ce .  T he  de t ec to r  o f  ph o t oe l ec t r on  i s  

16 - in pu t  mu t i -ch an ne l  d e t ec t o r  (MC D ) .  T h e  peaks  w e re  ca l i b r a t ed  b y C  1s  

f r om  t he  abso r bed  a i r  o n  th e  s am pl e  su r f ace .  Th e  s p ec t r um  r eso lu t i on  i s  0 . 1  

eV      

４．Resu l t s  and  Di scu ss i ons  

1 )  Band  g ap  chan g e  o f  a mo rph ous  Ga 2 O 3  ( A m- Ga 2 O 3 )  and  crys t a l l i z e  

Ga 2 O 3  (C ry- Ga 2 O 3 )  th in  f i l ms  

F rom  t h e  U V -Vi s  o p t i c a l  sp ec t r a ,  we  h av e  o b t a in ed  th e  o p t i c a l  band gaps  o f  

t he  amo rp ho us  and  th e  ep i t ax i a l  G a 2 O 3  t h in  f i lms  a r e  4 .3  eV an d  4 .9  eV ,  

r esp ec t i v e l y.  H e r e  we  measu r ed  t h e  X PS  an d  N E XA FS t o  inv es t i ga t e  t h e  

ch an ge  o f  e l ec t r on ic  s t a t e s  n ear  t h e  Fe rmi  l ev e l .  T h e  va l en ce  b and s  o f  

Am -G a 2 O 3  an d  C r y- Ga 2 O 3  a r e  s ho wn  i n  F i g .  1 .  T h e  v a l en ce  band  m ax imu m  o f  

t he s e  tw o  th i n  f i lm s  i s  ov e r l ap p ed .  Bu t  t he  w e i gh t  cen t e r s  o f  t h es e  v a l en ce  

bands  a r e  a  l i t t l e  d i f f e r en t ,  5 .6  eV f o r  Am -G a 2 O 3  and  5 . 7  eV  f o r  C r y - G a 2 O 3 .  

Th a t  m eans  t h e  va l en ce  b and  o f  Cr y -G a 2 O 3  s h i f t s  t o  t he  h i gh e r  b i nd i n g  

en e r g y com par ed  wi th  th a t  o f  Am - G a 2 O 3 .  Fo r  t h e  co nd uc t io n  b an ds ,  t h e  Ga  K  

ed ge  an d  O  L  ed ge  a re  s ho wn  i n  F i g .  2  and  F i g .  3 ,  r e sp ec t iv e l y.  Th e r e  a r e  

t h r ee  m ai n  p eaks  i n  L 3  ed ge  l oca t ed  a t  111 9 . 0  eV,  11 22 . 4  eV  and  1 11 8 . 0  eV.  

In  t h e  sp ec t rum  o f  Cr y - G a 2 O 3 ,  t h e  f i r s t  p eak  a t  1 119 .0  eV sh i f t s  t o  t h e  h i gh er  

pho to  en e r g y and  th e  abs o rp t i on  ed ge  s h i f t s  t o  11 18 .2 4  eV f r om 111 8 . 05  eV.  

Th e  secon d  an d  th e  t h i r d  p eaks  s h i f t  t o  t he  lo w er  ph o to n  en e r g y.  A nd  th e  th i r d  

peak  b ecom es  m uch  s ha r pe r .  Th es e  f ea tu r e s  ma y b e  r e l a t ed  t o  G a  3 d ,  4 s ,  4 p  



h yb r i d i z ed  wi th  ox yg e n  b an ds ,  no t  t he  on l y th e  G a  3 d  h yb r id i za t io n  wi t h  O  

2 s  a s  ex p l a i n ed  b y  th e  r e fe r en ce .  
[ 8 ]

 O  K ed ge  ch an g es  mu ch  c l ea r e r ,  

e s pec i a l l y  t h e  abs o rp t io n  ed ge .  Th e r e  i s  a  sm al l  p eak  a t  532 .0  eV in  t h e  

p r e - ed ge  r eg i on ,  w h ich  m ak e  th e  ed ge  s h i f t  b y 2 . 05  eV  t o  t h e  h i gh e r  ph o to  

en e r g y.  T he  d ou b l e  peaks  a t  5 35 .5  eV  and  53 9 . 7  eV b ecom e  mu ch  c l ea r e r  and  

the  t a i l  a t  560  eV  b ecom es  m u ch  sh ap e r
 
a f t e r  t h e  c r ys t a l l i z a t ion .  In  su mm ar y,  

t he  v a l en ce  b and ,  Ga  L  ed ge ,  and  O K  ed ge  ex p and  t h e  v a l en ce  b and  b y 0 .1  

eV ,  0 . 2  eV an d  2 .0 5  eV,  r e sp ec t i ve l y.  Ac tu a l l y ,  t h e  op t i c a l  sp ec t r a  sho w  th e  

c r ys t a l l i z a t i on  ex p an d  t he  v a l en ce  b an d  b y 0 .6  eV.  T ha t  h in t s  t h e  G a  o r  O  i s  

no t  t h e  i so l a t e  f a c t o r  t o  i n f lu ence  t h e  band  gap .  T h er e  mi gh t  b e  i n t e r ac t i on  

be t w een  G a  b an ds  an d  O b and s .  

 

F i g .  1  XPS  v a l en ce  b and  o f  am o rph ou s  ( Am -G a 2 O 3 )  and  c r ys t a l l i z ed  G a 2 O 3  

(C r y- G a 2 O 3 )  t h in  f i lms .   

 

 F i g .  2  NE X A FS  Cu  L  ed ge  o f  amo rp ho us  and  c r ys t a l l i z ed  Ga 2 O 3  t h i n  f i lms .  

In s e t  s ho ws  th e  m agn i f i c a t i on  o f  ab so rp t io n  ed ges .  

12 10 8 6 4 2 0 -2

In
te

n
s

it
y

 [
a

rb
. 
u

n
it

s
]

Binding energy [eV]

 Am-Ga2O3

 Cry-Ga2O3

1120 1130 1140 1150 1160 1170 1180

1116 1117 1118 1119 1120

A
b

s
o

rp
ti

o
n

 [
a

rb
. 

u
n

it
s

]

Photon energy [eV]

 Am-Ga2O3

 Cry-Ga2O3

Photon energy [eV]



 

F i g .  3  N EX A FS  O  K  ed ge  o f  am or ph o us  an d  c r ys t a l l i z ed  Ga 2 O 3  t h in  f i lms .  

2)  Band  g ap  chan g e  o f  dop ed  Ga 2 O 3  ( Ga 2 O 3 ,  Sn - Ga 2 O 3 ,  Mg - Ga 2 O 3 )  th in  

f i l ms  

He r e  we  chos e  t h r ee  s am pl es ,  pu r e  G a 2 O 3 ,  Sn  d op ed  G a 2 O 3  (S n - G a 2 O 3 )  and  

M g d op ed  G a 2 O 3  ( M g-G a 2 O 3 ) .  As  sh o wn i n  F i g .  4 ,  t h e  va l en ce  band  cen te r s  

a re  c a l cu l a t ed  as  5 . 6  eV,  5 . 9  eV an d  6 . 2  eV.  I t  i s  n o t ab l e  t ha t  t h e re  i s  a l s o  a  

t a i l  o v er  t he  Fe rmi  l ev e l  i n  t h e  S n - G a 2 O 3  v a l en ce  band .  Th e  cond u c t i on  b an d  

in f o rm at i on  s ho ws  in  N EX A FS  G a  L  ed ge  o f  F i g .  5  an d  O  K  ed ge  o f  F i g .  6 .  

Th e  abs o rp t i on  G a  L 3  ed ges  a r e  l o ca t ed  a t  11 18 .2 4eV fo r  Ga 2 O 3 ,  111 8 . 21  fo r  

Sn- G a 2 O 3 ,  11 17 . 98  fo r  M g - G a 2 O 3 .  Th e  ab so rp t io n  ed ge  o f  Sn - G a 2 O 3  t h in  f i l m  

i s  o ve r l app ed  wi th  Ga 2 O 3 .  Th e  ab so rp t ion  ed ge  o f  M g -G a 2 O 3  t h in  f i lm  s h i f t s  

b y 0 .2 6  eV com p ar in g  wi t h  G a 2 O 3 .  Th e  ab so rp t io n  ed ge  o f  M g - Ga 2 O 3  t h i n  

f i lm  k eep s  a s  t h e  same  a s  t h a t  o f  G a 2 O 3  t h in  f i lm .  Th e  abs o rp t io n  ed ges  in  O  

K- ed ge  s p ec t r a  a r e  533 .1 6 ,  53 3 . 26 ,  53 3 .3 4  fo r  G a 2 O 3 ,  S n - Ga 2 O 3 ,  M g- G a 2 O 3 ,  

r e sp ec t i v e l y.  C om par i n g  wi th  G a 2 O 3  t h i n  f i l m ,  t h e  ab so rp t i on  ed ge  o f  

Sn- G a 2 O 3  an d  M g -G a 2 O 3  t h i n  f i lm  sh i f t s  b y 0 . 10  eV and  0 .1 8  eV ,  

r esp ec t i v e l y,  t o  t h e  h i gh e r  p ho t on  ene r g y.  In  t h e  s emi co nd uc to r  t h eor y,  

t e t r av a l en t  S n  d en o te s  e l e c t ro ns  an d  d iv a l en t  M g d en o t e s  h o l es .  Th en  t he  

ab so rp t io n  sp ec t r a  o f  M g - G a 2 O 3  t h i n  f i lm  sh ou l d  h av e  a  sh i f t  t o  t h e  l o w er  

pho ton  en e r g y.  Th e  ob se r ved  O K  ed ge  sh i f t s  t o  t he  o ppo s i t e  d i r ec t i on .  T he  

O  K - ed ge  sp ec t ru m  o f  Sn - Ga 2 O 3  t h i n  f i lm  sh i f t s  mu ch  l e s s  t h an  Ga  K - ed ge  

sp ec t r um .  A l l  t h es e  r esu l t s  h i n t  t h a t  t h e  dop an t s  i n f l uen ce  G a  s i t e s  mo r e  t han  

O s i t e s .  M a yb e  b ecau se  t h e  d op an t s  m ain l y o ccu p y th e  G a  s i t e s .  
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F i g .  4  XPS  v a l en ce  band  o f  pu r e  G a 2 O 3  (G a 2 O 3 ) ,  S n  do ped  Ga 2 O 3  (Sn - G a 2 O 3 ) ,  

an d  M g do p ed  G a 2 O 3  ( M g-  G a 2 O 3 )  t h i n  f i lm s .  

 

F i g .  5  N EX A FS  Cu  L  ed ge  o f  G a 2 O 3 ,  Sn - G a 2 O 3 ,  and  M g -  G a 2 O 3  t h i n  f i lms .  

In s e t  s ho ws  th e  m agn i f i c a t i on  o f  ab so rp t io n  ed ges .  

 

F i g .  6  N EX A FS  O K  ed ge  N E XA FS o f  Ga 2 O 3 ,  S n - G a 2 O 3 ,  and  M g- G a 2 O 3  t h in  

f i lm s .  
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５．Fu tu re  i s su es   

Us i n g  X - r a y d i f f r ac t i on  an d  ex tend ed  X - r a y abs o rp t i on  f in e  s t r uc tu r e ,  w e  

wi l l  an a l yz e  th e  l a t t i c e  p a rame t e r s  o f  Ga 2 O 3  t h i n  f i l ms ,  and  f u r th e rmo r e  t h e  

a to mi c  o r d er  and  o ccu pan c y.  A f t e r  s e t t i n g  u p  t he  r ea l  l a t t i c e  s t ru c t u r e ,  w e  

can  ca l cu l a t e  t he  dens i t y  o f  s t a t e s  o f  t h es e  m at e r i a l s  and  co mp ar in g  t h e  

ex p er i m en t a l  r e su l t s  wi t h  t h e  ca l cu l a t ed  r es u l t s  fo r  t h e  f u r th e r  

und e rs t and i n g .   
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us er ’ s  cho i ce  o f  p u b l i c a t io ns  as  d es c r i bed  in  ※2 .  Al s o ,  p l eas e  f i l l  i n  an  

ex p ec ted  d a t e  o f  pu b l i c a t io n  o f  a  r e f e r eed  j ou rn a l  a r t i c l e  o r  an  ex p ec t ed  
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