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(R ece iv ed  10 N o v em b e r 2008 ; rev ise d  m a n u sc r ip t rec e iv e d  18 M a rc h  2009 ; p u b lish ed  23 A p ril 2009)

W e p re se n t p h o to lu m in escen c e  m e asu rem en ts  u n d er in te n se  m a g n e tic  fields (B up to 30  T ) in  n -d o p ed  

in d iu m  n itr id e  sam p le s w ith  ca rrie r  co n c en tra tio n  ran g in g  fro m  ab o u t 7 .5  X 10 17 c m -3 to 5 X 1 0 18 c m -3 . T h e  

o b se rv a tio n  o f  tran sitio n s  in v o lv in g  se v e ra l L an d a u  lev els p e rm its  to  d e te rm in e  th e  ca rrie r-red u c ed  m ass  x  

a ro u n d  th e  T p o in t.  D ep en d in g  o n  th e  ca rrie r  co n cen tra tio n , w e  find x  ran g in g  b e tw e en  0 .0 9 3 m 0 and  0 .1 0 7 m 0 

(m0 is th e  e lec tro n  m ass  in  v acu u m ). T his find ing p o ses  a lo w er lim it to th e  e lec tro n  e ffec tiv e  m ass , w h o se  

u n ex p e c ted ly  la rg e v a lu e  (me & 0 .0 9 3 m 0) in d ic a te s  th a t th e  so u rces o f  n d o p in g  in  In N  p e rtu rb  stro n g ly  the 

c ry sta l c o n d u c tio n  b an d  n ea r its m in im u m .

D O I: 10 .1 1 0 3 /P h y sR ev B .7 9 .1 6 5 2 0 7  PAC S nu m b er(s) : 78 .5 5 .C r, 71 .7 0 .D i, 71 .5 5 .E q , 7 1 .2 0 .N r

I. INTRODUCTION

I n d iu m  n i t r id e  ( In N )  is  w id e ly  i n v e s t ig a te d  b e c a u s e  o f  its  

p o te n t ia l  in  a  v a r ie ty  o f  a p p l ic a t io n s  r a n g in g  f r o m  p h o to v o l-  

ta ic s  to  f a s t  a n d  h ig h - p o w e r  e l e c t r o n i c s .1- 3 H o w e v e r ,  in t r in 

s ic  i n d iu m  n i t r id e  h a s  n o t  b e e n  o b ta in e d ,  y e t ,  a n d  a s -g r o w n  

I n N  s a m p le s  h a v e  u s u a l ly  a  f r e e - e le c t r o n  c o n c e n t r a t io n  ne in  

e x c e s s  o f  1 0 17 c m - 3 . T h is  is  o n e  o f  th e  r e a s o n s  w h y  th e  

v a lu e  o f  th e  b a n d - g a p  e n e r g y  Eg h a s  r e m a in e d  a n  e lu s iv e  

q u a n t i ty  fo r  a  lo n g  t im e  a n d  o n ly  f e w  y e a r s  a g o  i t  h a s  b e e n  

e s ta b l i s h e d  th a t  I n N  is — in d e e d — a  s m a l l - g a p  s e m ic o n d u c to r  

(Eg ~  0 .6 5  e V  a t  r o o m  te m p e r a tu r e 4,5) . A n o th e r  

f u n d a m e n ta l— s ti l l  n o t  a c c u r a t e ly  d e t e r m in e d — q u a n t i ty  is  

t h e  e l e c t r o n  e f f e c t iv e  m a s s  m e.

U n t i l  n o w , m o s t  o f  t h e  me v a lu e s  r e p o r te d  h a v e  b e e n  i n 

f e r r e d  f ro m  in f r a r e d  r e f le c t iv i ty 6- 10 o r  e l l ip s o m e t r y 11- 13 m e a 

s u r e m e n ts  a im e d  a t  d e t e r m in in g  th e  p la s m a  r e s o n a n c e  f r e 

q u e n c y  o?p =  ( n ee 2) / ({me)e0eoo), w h e r e  is  th e  h ig h -  

f r e q u e n c y  d ie le c t r i c  c o n s ta n t  a n d  (m e) is  th e  e le c t ro n  

e f f e c t iv e  m a s s  a v e r a g e d  o v e r  th e  d e n s i ty  o f  s ta te s  (D O S )  o f  

t h e  c o n d u c t io n  b a n d .11,14 wp d e p e n d s  e x p l ic i t ly  o n  th e  a v e r 

a g e  e l e c t r o n  m a s s  a s  w e l l  a s  o n  th e  c a r r i e r  c o n c e n t r a t io n ,  

w h o s e  e x a c t  d e t e r m in a t io n ,  h o w e v e r ,  is  a f f e c te d  b y  th e  p r e s 

e n c e  o f  a  l a r g e  s h e e t  c h a r g e  lo c a te d  a t  e i th e r  th e  I n N  s u r f a c e  

o r  a t  th e  in te r f a c e  b e tw e e n  I n N  a n d  i ts  b u f f e r  l a y e r .15- 17 In  

tu r n ,  th is  m a y  in f lu e n c e  th e  d e t e r m in a t io n  o f  th e  v a lu e  o f  th e  

e l e c t r o n  m a s s .  S p e c i f ic a l ly ,  (m e) w a s  fo u n d  to  in c r e a s e  s iz -  

a b ly  w i th  d o p in g  le v e l  f r o m  0 .0 3 9 m 0 ( fo r  ne = 1 .8  

X  1 0 17 c m -3 ) to  0 .2 5 m 0 ( fo r  ne =  7  X  1 0 20 c m -3 ), w h e r e  m 0 is

th e  e l e c t r o n  m a s s  in  v a c u u m .7,9,11

In  th is  w o rk ,  w e  r e p o r t  o n  th e  o b s e r v a t io n  o f  L a n d a u  l e v 

e l s  (L L s )  in  d e g e n e r a t e  I n N  as  m e a s u r e d  b y  m a g n e to p h o to -  

lu m in e s c e n c e  ( m a g n e to - P L )  in  s a m p le s  h a v in g  d i f f e r e n t  

e l e c t r o n  c o n c e n t r a t io n  ne ~ ( 7 . 5 - 5 0 )  X  1 0 17 c m - 3 . U p  to  

f o u r  L L  r e c o m b in a t io n s  a r e  o b s e r v e d  th a t  a l lo w s  u s  to  d e t e r 

m in e  s t r a ig h t f o r w a r d ly  th e  c a r r i e r - r e d u c e d  m a s s  a r o u n d  th e  

r  p o in t  fx= (1 / me + 1 / m h) -1 =  ( 0 .0 9 3 - 0 .1 0 7 ) m 0, mh b e in g  th e

h o le  e f f e c t iv e  m a s s .  T h e  u n e x p e c te d ly  l a r g e  v a lu e  

(me >  0 .0 9 3 m 0) o f  t h e  e l e c t r o n  e f f e c t iv e  m a s s  a t  k  ~  0  in  d e 

g e n e r a te  I n N  p o in ts  to w a r d  a  s i z a b le  d is to r t i o n  o f  th e  c r y s ta l  

c o n d u c t io n - b a n d  m in im u m  c a u s e d  b y  th e  s o u r c e s  o f  n - ty p e  

d o p in g .

II. EXPERIMENT

W e  in v e s t ig a te d  a  5 0 0 - n m - th ic k  I n N  s a m p le  g r o w n  b y  

m o le c u la r - b e a m  e p i ta x y  o n  a n  e p i ta x ia l  te m p la te  f o r m e d  b y  

G a N ( 0 0 0 1 ) /  A l N / A l 2O 3. T h e  n a r r o w  fu l l  w id th  a t  h a l f  m a x i 

m u m  o f  th e  s a m p le  r o c k in g  c u r v e s  a n d  a  m o b i l i ty  v a lu e  o f  

a b o u t  1 3 0 0 - 1 5 0 0  c m 2/ (V  X  s)  in d ic a t e  a  g o o d  s a m p le  q u a l 

ity . T h e  s h e e t  c a r r ie r  d e n s i ty  d e r iv e d  b y  H a l l - e f f e c t  m e a s u r e 

m e n ts  is  nH = 1 .2  X  1 0 14 c m -2  ( a s s u m in g  a  u n i f o r m  d o p a n t  

d is t r ib u t io n ,  th is  r e s u l t s  in  a  v o lu m e  c o n c e n t r a t io n  nH = 2 .4  

X  1 0 18 c m -3 ) th a t  f a l ls  in  th e  r a n g e  r e p o r te d  b y  v a r io u s  

a u th o r s .6- 9,11- 13 T w o  p ie c e s  o f  th e  s a m e  s a m p le  w e r e  i r r a d i 

a te d  b y  a  l o w - e n e r g y  ( 1 0 - 2 0  e V )  h y d r o g e n - io n  b e a m  fo r  

d i f f e r e n t  d o s e s  o f  im p in g in g  io n s  in  o r d e r  to  a c h ie v e  a  c o n 

t r o l l e d  in c r e a s e  in  th e  e l e c t r o n  c o n c e n t r a t io n ,  a s  r e p o r te d  r e 

c e n t ly  in  R e f .  1 8 . S e c o n d a r y  io n  m a s s  s p e c t r o m e t r y  m e a s u r e 

m e n ts  o n  I n N  e p i la y e r s  d e u te r a te d  u n d e r  th e  s a m e  

e x p e r im e n ta l  c o n d i t io n s  e m p lo y e d  in  th is  w o r k  s h o w e d  th a t  

th e  d e u te r iu m  c o n c e n t r a t io n  p r o f i l e  is  r a th e r  u n i f o r m  o v e r  a ll 

th e  I n N  la y e r .  P L  w a s  e x c i te d  b y  th e  5 3 2  n m  l in e  o f  a  v a n a -  

d a t e :N d  la s e r  a n d  d e t e c te d  b y  a  l iq u id - n i t r o g e n - c o o le d  In -  

G a A s  p h o to d io d e  c o u p le d  to  a  0 .2 5 - m - lo n g  m o n o c h ro m a to r .  

M a g n e to - P L  w a s  p e r f o r m e d  in  a  3 0  T  w a te r - c o o le d  r e s i s t iv e  

m a g n e t  w i th  th e  s a m p le  h e l d  a t  a b o u t  5  K  ( th e  s p e c t r a  h a v e  

b e e n  n o r m a l iz e d  b y  th e  o p t ic a l  s e t -u p  r e s p o n s e ) .

III. RESULTS AND DISCUSSION

A. Degenerate GaAs

N o t  m a n y  p r e v io u s  r e p o r ts  o n  m a g n e to - P L  in  d e g e n e r a t e  

b u lk  s e m ic o n d u c to r s  e x i s t .  In  f a c t ,  in  th e s e  s y s te m s  a  f re e

1 0 9 8 -0 1 2 1 /2 0 0 9 /7 9 (1 6 )/1 6 5 2 0 7 (5 ) 165207-1 © 2 0 0 9  T h e  A m eric an  P h y s ica l S ocie ty
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E n e rg y  (e V )

FIG . 1. P eak -n o rm alize d  P L  sp e c tra  o f  a re fe ren c e  G aA s sa m ple 

h ea v ily  d o p ed  w ith  S i (n o m in a l im p u rity  d en s ity  eq u a l to 

1 0 18 c m -3 ). T h e  sp e c tra  w ere  rec o rd e d  u n d er d iffe ren t m a g n e tic  

field  in te n sit ie s  B a t T  = 5  K , in  steps o f  1 T. A  c o o led  In G aA s array  

d e tec to r  an d  a 0 .3 -m -lo n g  m o n o c h ro m ato r w e re  u se d  fo r de tec tio n. 

L L 0 in d ic a tes  th e  tran sitio n  b e tw e e n  th e  first L an d au  le v e ls  in  the 

co n d u c tio n  and  v a len ce  ban d . (e ,A ) in d ic a te s  a fre e -e le c tro n  to 

n eu tra l-ac cep to r rec o m b in a tio n . T h e  d o tte d  lin es are g u ides fo r  the 

eye s. T h e  v e rtica l d ash ed  lin e  in d ic a tes  a sp u rio u s  sp ec tra l fea tu re  

d u e  to  th e  o p tic a l se t-up  re sp o n se . In se t: d ep e n d en c e  on  m a g n e tic  

field  o f  th e  en e rg y  (open circles) o f  th e  tra n sitio n s  h ig h lig h ted  in  th e  

m a in  p a r t o f  th e  figure. T h e  lin e s  a re  fits to th e  d a ta  in  te rm s o f  th e  

L an d a u  le v e ls  in v o lv e d  in  th e  tran sitio n s  co n s id ered . T h e  b e s t fit 

v a lu es  o f  th e  fre e  ex c ito n  red u c ed  m ass  and  e lec tro n  e ffec tiv e  m ass  

are d isp lay ed .

c a r r ie r  m o s t  l ik e ly  u n d e r g o e s  s e v e r a l  s c a t t e r in g  e v e n ts  w i th  

o th e r  c a r r ie r s  a n d  io n iz e d  im p u r i t i e s  th a t  c o u ld  h a m p e r  th e  

o b s e r v a t io n  o f  L a n d a u  q u a n t iz a t io n  a n d , c o n s e q u e n t ly ,  a f f e c t  

t h e  in te r p r e ta t io n  o f  th e  m a g n e to - P L  r e s u l t s .  F o r  th is  r e a s o n ,  

w e  in v e s t ig a te d  f i r s t  th e  e f f e c ts  o f  th e  m a g n e t i c  f ie ld  in  

h e a v i ly  d o p e d  G a A s ,  w h o s e  f u n d a m e n ta l  p r o p e r t i e s  ( e .g .,  Eg 

a n d  m e) a r e  w e l l  k n o w n .  F ig u r e  1 s h o w s  th e  m a g n e to - P L  

s p e c t r a  o f  a  d e g e n e r a t e  G a A s  s a m p le  d o p e d  w i th  S i im p u r i 

t ie s  h a v in g  n o m in a l  c o n c e n t r a t io n  e q u a l  to  1 0 18 c m - 3 . T h e  

P L  s p e c t r u m  r e s u l t s  f r o m  th e  r e c o m b in a t io n  o f  p h o to e x c i t e d  

a n d  im p u r i ty - r e la te d  f r e e  e l e c t r o n s  in  th e  c o n d u c t io n  b a n d  

a n d  p h o to e x c i t e d  h o le s  in  th e  v a l e n c e  b a n d .  T h e  a s y m m e tr ic  

P L  l in e  s h a p e  is  c h a r a c t e r i s t i c  o f  h e a v i ly  d o p e d  

s e m ic o n d u c to r s .18 N o  c h a n g e  in  th e  P L  s p e c t r u m  is  o b s e rv e d  

u p  to  B  =  12  T . F o r  B >  12 T , th e  P L  p e a k  b lu e  s h if ts  a n d  a 

s e c o n d  lo w e r - e n e r g y  b a n d  is  c l e a r ly  d e t e c te d  fo r  B  >  2 4  T . 

T h e  p e a k  e n e r g y  o f  th e s e  tw o  b a n d s  d e p e n d s  l in e a r ly  o n  

m a g n e t i c  f ie ld  w i th  d i f f e r e n t  s lo p e s ,  a s  s h o w n  in  th e  in s e t  o f  

F ig .  1 . W e  a s c r ib e  th e  h ig h e r - e n e r g y  c o m p o n e n t  to  a n  in te r 

b a n d  t r a n s i t io n  in v o lv in g  th e  n = 0  e l e c t r o n  a n d  h o le  L a n d a u  

le v e ls  ( L L 0) .  C o n s e q u e n t ly ,  i ts  e n e r g y  d e p e n d s  o n  m a g n e t ic  

f ie ld  a s  E n=0(B ) =  E ( 0 )  +  h eB / ( 2 j ) .  B y  u s in g  j =  (1 / me 

+  1 /  m h) -1 a n d  th e  z e r o - f ie ld  b a n d - g a p  e n e r g y  E ( 0 )  a s  f r e e  

p a r a m e te r s ,  o n e  o b ta in s  j =  (0 .0 4 9  ±  0 .0 0 4 ) m 0 a n d  E ( 0 )  

=  1 .5 0 0  e V .  T h e s e  v a lu e s  a r e  in  f a i r ly  g o o d  a g r e e m e n t ,  r e 

s p e c t iv e ly ,  w i th  th e  r e d u c e d  m a s s  o f  G a A s  (0 .0 5 7  m 0) (R e f . 

1 9 ) a n d  th e  r e n o r m a l iz e d  b a n d - g a p  e n e r g y  in  d o p e d  G a A s

(1 .4 9 5  e V )  w i th  ne = 1 0 18 c m - 3 .20,21 A s  f o r  th e  lo w e r - e n e r g y  

b a n d  a p p e a r in g  fo r  B  >  2 4  T ,  th e  c o r r e s p o n d in g  B - in d u c e d  

s h i f t  g iv e s  j =  (0 .0 6 9  ±  0 .0 0 2 ) m 0 a n d  a n  e x t r a p o la t e d  t r a n s i 

t io n  e n e r g y  a t  B  =  0  T  e q u a l  to  1 .4 9 0  eV . T h e s e  v a lu e s  a re  

c lo s e ,  r e s p e c t iv e ly ,  to  th e  e l e c t r o n  e f f e c t iv e  m a s s  a n d  to  th e  

e n e r g y  o f  th e  a c c e p to r - r e l a te d  r e c o m b in a t io n  (e , A )  b a n d s  in  

G a A s .  A s  a  r e s u l t ,  th e  lo w e r - e n e r g y  b a n d  is  a t t r ib u te d  to  a 

f r e e - e le c t r o n  to  n e u t r a l - a c c e p to r  t r a n s i t io n ,  w h o s e  s h i f t  w i th  

m a g n e t i c  f ie ld  is  k n o w n  to  r e p r o d u c e  th a t  o f  th e  lo w e s t  L L  o f  

e l e c t r o n s  ( j ^ m e) .22,23 T h e  ( e , A )  t r a n s i t io n  d o m in a te s  th e  

P L  s p e c t r u m  a t  h ig h  f ie ld s  l ik e ly  b e c a u s e  th e  in c r e a s in g  m a g 

n e t ic  f ie ld  l e a d s  to  a n  e n h a n c e d  o v e r la p  b e tw e e n  th e  f re e  

e l e c t r o n  a n d  lo c a l i z e d  h o le  w a v e  f u n c t io n s  ( a n d  in c r e a s e d  P L  

in te n s i ty ) .  S u c h  a n  in te n s i ty  e n h a n c e m e n t  i n d u c e d  b y  B  

s h o u ld  b e  s iz a b ly  s m a l le r  fo r  th e  u n c o r r e la te d  e l e c t r o n - h o le  

p a i r s  i n v o lv e d  in  th e  L L 0 t r a n s i t io n .  In  tu r n ,  th is  a c c o u n ts  fo r  

th e  r e l a t i v e  v a r ia t io n  in  th e  in te n s i ty  o f  th e  ( e , A )  a n d  L L 0 

b a n d s  w i th  v a r y in g  B . A s  m e n t io n e d ,  n o  L a n d a u - l e v e l  q u a n 

t iz a t io n  is  o b s e r v e d  u n t i l  B  >  12  T  th u s  p r o v id in g  a  r o u g h  

e s t im a t io n  o f  th e  c a r r i e r  s c a t te r in g  t im e  t = 1 /w c 

=  me/ (e -1 2  T )  =  3 0  fs , a  v a lu e  f a l l in g  in  th e  r a n g e  o f  th o s e  

r e p o r te d  fo r  h e a v i ly  d o p e d  G a A s .24

T o  c o n c lu d e  th is  p a r t ,  w e  c a n  s ta te  th a t  m a g n e to - P L  c a n  

b e  p r o p e r ly  u s e d  to  d e r iv e  th e  c a r r i e r  m a s s  in  a  h ig h ly  d e 

g e n e r a te  b u l k  s e m ic o n d u c to r .

B. Degenerate InN

W e  n o w  c o n s id e r  th e  e f f e c t  o f  m a g n e t i c  f ie ld  o n  in d iu m  

n i t r id e .  A  m a g n e to - P L  s tu d y  h a s  b e e n  r e c e n t ly  p e r f o r m e d  in  

d i s o r d e r e d  I n N  s a m p le s  c h a r a c t e r iz e d  b y  a  b r o a d  P L  s y m 

m e t r ic  l in e  s h a p e  ( l in e w id th  in  e x c e s s  o f  9 0  m e V )  a n d  a  lo w  

c a r r ie r  m o b i l i ty  ( < 2 0 0  c m 2/ V s ) .25 In  p a r t i c u la r ,  in  R e f .  2 5 , 

th e  d o m in a t in g  p r e s e n c e  o f  lo c a l i z e d  s ta te s  in  t h e  P L  s p e c t r a  

d id  n o t  p e r m i t  to  s tu d y  th e  e f f e c ts  o f  m a g n e t i c  f ie ld  o n  d e l o 

c a l i z e d  c a r r ie r s  in  d e g e n e r a t e  In N . I n d e e d ,  a t  a b o u t  5 0  T, 

o n ly  a  v e r y  s m a l l  d ia m a g n e t ic  s h i f t  ( ~ 2 . 5  m e V )  c o u ld  b e  

o b s e r v e d .25 O n  th e  c o n t ra ry ,  th e  I n N  s a m p le s  c o n s id e r e d  h e r e  

e x h ib i t  a  r e c o m b in a t io n  b a n d  w i th  a n  a s y m m e tr ic  l in e  s h a p e  

c h a r a c t e r i s t i c  o f  d e g e n e r a t e  s e m ic o n d u c to r s  (P L  l in e w id th  

r a n g in g  f r o m  3 0  to  8 2  m e V ) .  F ig u r e  2  s h o w s  th e  m a g n e to - P L  

s p e c t r a  a t  T ~  5  K  o f  I n N  s a m p le s  b o th  u n t r e a te d  ( a s -g ro w n )  

a n d  H  i r r a d ia te d  w i th  d o s e  d H = 1 z  a n d  d H =  2 z , w h e r e  z  c o r 

r e s p o n d s  to  1 X  1 0 15 i o n s / c m 2. U p o n  h y d r o g e n  in c o r p o r a 

t io n ,  th e  h ig h - e n e r g y  e d g e  a n d  th e  m a x im u m  o f  th e  P L  s p e c 

t r u m  b o th  s h i f t  a t  h ig h  e n e r g y  ( s e e  b o t to m m o s t  c u r v e s  in  F ig .  

2 ) . T h is  is  a  c o n s e q u e n c e  o f  th e  d o n o r  n a tu r e  o f  h y d r o g e n  in  

I n N  th a t  le a d s  to  a  l a r g e  c o n t r o l l a b le  in c r e a s e  in  th e  f re e -  

e l e c t r o n  c o n c e n t r a t io n .18 In  a l l  s a m p le s ,  n o  s iz a b le  v a r ia t io n  

in  th e  P L  l in e  s h a p e  is  d e t e c te d  fo r  B  <  16  T  l ik e ly  d u e  to  

c a r r ie r  s c a t te r in g  e f f e c ts ,  a s  d i s c u s s e d  b e f o r e  fo r  G a A s .  A l 

th o u g h  th e  s o u r c e s  o f  s c a t t e r in g  in  I n N  a r e  d i f f e r e n t  f ro m  

th o s e  in  h e a v i ly  d o p e d  G a A s ,  t h e  lo w e s t  f ie ld  b e f o r e  L L s  a r e  

o b s e r v a b le  is  s im i la r  in  th e  tw o  m a te r ia l s ,  th u s  in d ic a t in g  

th a t  s c a t te r in g  in f lu e n c e s  c a r r ie r  m o t io n  to  a  s im i la r  e x te n t .  

In  a s - g r o w n  I n N , th e  P L  p e a k  b lu e  s h if ts  b y  a b o u t  10  m e V  

w h e n  B  =  3 0  T . C o n c o m ita n t ly ,  th e  fu l l  w id th  a t  h a l f  m a x i 

m u m  o f  th e  r e c o m b in a t io n  b a n d  d e c r e a s e s  f ro m  3 2  to  2 2  

m e V  as  a  c o n s e q u e n c e  o f  th e  B - in d u c e d  in c r e a s e  in  th e  c r y s 
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FIG . 2. P eak -n o rm aliz e d  P L  sp e c tra  o f  In N  sam p le s ir ra d ia ted  w ith  d if fe ren t H  d o ses  d H: (a) u n trea te d  (as-g ro w n ), (b) h y d ro g en a ted  

(d H= 1 z ) , and (c) h y d ro g en a te d  (d H =  2z), w h ere  z = 1  X 1 0 15 c m -2 . T h e  sp e c tra  w ere  rec o rd e d  a t T  = 5  K  fo r d iffe ren t m a g n e tic  field  v alues , 

in  steps o f  1 T. L L n in d ic a tes  a tran s itio n  b e tw e en  th e  nth L an d a u  le v e ls  in  th e  c o n d u c tio n  and v a len c e  ban d. T h e  d o tte d  lin es a re  g u ides for 

th e  eyes. T h e  d ash ed  th ic k  lin es su p e rim p o sed  on  th e  B =  0  T  sp e c tra  are s im u la tio n s  to  th e  d a ta  v ia  th e  K a n e ’s m o d e l (see R ef. 18) .

ta l  d e n s i ty  o f  s ta te s .26 In  th e  h y d r o g e n a te d  s a m p le s  (w h e re  

th e  e l e c t r o n  d e n s i ty  is  g r e a te r ) ,  s e v e r a l  P L  b a n d s  a p p e a r  a s  B  

in c r e a s e s .  In  p a r t i c u la r ,  th e  b a n d s  a t  h ig h - e n e r g y  lo s e  s p e c tr a l  

w e ig h t  in  f a v o r  o f  l o w - e n e r g y  b a n d s ,  w h ic h  d o m in a te  th e  

s p e c t r u m  a t  th e  h ig h e s t  B . T h e  p e a k s  o f  th e  d i f f e r e n t  c o m p o 

n e n ts  m o v e  w i th  m a g n e t i c  f ie ld  a t  a  q u i te  d i f f e r e n t  p a c e ;  in  

p a r t i c u la r ,  th e  h ig h - e n e r g y  ly in g  c o m p o n e n ts  a r e  m u c h  f a s te r  

th a n  th o s e  a t  lo w  e n e rg y . T h is  f ie ld  d e p e n d e n c e  p o in t s  t o 

w a r d  t r a n s i t io n s  r e l a t e d  to  L a n d a u  le v e ls  w i th  d i f f e r e n t  in d e x  

n ,

^  (  1 \ heB  
En(B) =  E ( 0 )  +  ^ n  + 2 j  —  • (1 )

I t  s h o u ld  b e  n o te d  th a t  th e  g r e a te r  n u m b e r  o f  L L s  v i s ib le  in  

h y d r o g e n a te d  s a m p le s  is  a  d i r e c t  c o n s e q u e n c e  o f  th e  la rg e r  

d e n s i ty  o f  f r e e  e l e c t r o n s  a v a i la b le  in  t h o s e  s a m p le s .  In  a d d i 

t io n ,  w i th  in c r e a s in g  B , th e  L L  d e g e n e r a c y  in c r e a s e s  ( ^ B )  

a n d  m o r e  c a r r ie r s  c a n  o c c u p y  th e  lo w e r  in d e x  L L s ,  th u s  d e 

t e r m in in g  a  p r o g r e s s iv e  d e p o p u la t io n  o f  h ig h e r  in d e x  le v e ls ,  

a s  s h o w n  in  F ig .  2 . T h e  th ic k  d a s h e d  l in e s  s u p e r im p o s e d  o n  

th e  z e r o - f ie ld  s p e c t r a  o f  F ig .  2  a r e  a  s im u la t io n  o f  th e  P L  d a ta  

b y  th e  s e m ic la s s ic a l  m o d e l  d e v e lo p e d  b y  K a n e  a n d  d e t a i l e d  

in  R e f .  1 8 . W e  w i l l  g iv e  d e t a i l s  o n  th e  p a r a m e te r s  e m p lo y e d  

in  th e  l in e - s h a p e  s im u la t io n  in  th e  f o l lo w in g .

B e f o r e  p r o c e e d in g  w i th  a  q u a n t i t a t iv e  a n a ly s i s  o f  th e  d a ta  

s h o w n  in  F ig .  2 , i t  is  w o r th  d is c u s s in g  f u r th e r  th e  a p p r o p r i 

a t e n e s s  o f  u s in g  m a g n e to - P L  d a t a  to  d e r iv e  th e  e l e c t r o n  e f 

f e c t iv e  m a s s  in  I n N . I n d iu m  n i t r id e  is  a  s m a l l - g a p  s e m ic o n 

d u c to r  a n d ,  th e r e f o r e ,  i t  is  m o r e  s u b je c t  to  n o n p a r a b o l ic i ty  

e f f e c ts  th a n ,  e .g . ,  G a A s .  A s  a  m a t te r  o f  f a c t ,  p r e v io u s  e l l ip -  

s o m e tr y  a n d  r e f le c t iv i ty  m e a s u r e m e n ts  s h o w e d  a  m a r k e d  d e 

p e n d e n c e  o f  (m e) o n  c a r r ie r  c o n c e n t r a t io n ,27 in d ic a t in g  a

n o n c o n s ta n t  v a lu e  o f  th e  e l e c t r o n  e f f e c t iv e  m a s s  o v e r  th e  

c o n d u c t io n - b a n d  d is p e r s io n  c u r v e .  H o w e v e r ,  th e  s h i f t  o f  th e  

L a n d a u  le v e ls  w i th  m a g n e t i c  f ie ld  m e a s u r e d  b y  m a g n e to - P L  

is  m a in ly  d e t e r m in e d  b y  th e  v a lu e  o f  t h e  c a r r i e r - r e d u c e d  

m a s s  a t  th e  T  p o in t  o f  th e  I n N  c o n d u c t io n  a n d  v a l e n c e  b a n d s .  

I n d e e d ,  a s  th e  m a g n e t i c  f ie ld  is  tu r n e d  o n , th e  c h a n g e  in  th e  

d im e n s io n a l i ty  o f  th e  c a r r ie r  m o t io n  f r o m  th re e -  

d im e n s io n a l ( 3 D )  to  o n e - d im e n s io n a l ( 1 D )  l ik e  im p l ie s  a 

c h a n g e  in  th e  e n e r g y  d e p e n d e n c e  o f  th e  c r y s ta l  D O S  (R e fs . 

2 8  a n d  2 9 ) : a  m u c h  la rg e r  c a r r ie r  o c c u p a n c y  a t  th e  b a n d  

e x t r e m a  is  e x p e c te d  fo r  1 D  ( D O S  ^  1 /  V E) th a n  fo r  3 D  

(D O S  ^  V E ). H e n c e ,  th e  p e a k  o f  th e  P L  b a n d s  s h o w n  in  F ig . 

2  c a n  b e  a t t r ib u te d  to  c a r r ie r s  r e c o m b in in g  m a in ly  a t  k  ~  0  in  

th e  r e s p e c t i v e  L L  a n d  th e  s lo p e  o f  th e  e m is s io n - p e a k  e n e r g y  

w i th  B  is  u l t im a te ly  d e t e r m in e d  b y  th e  c a r r ie r  m a s s  a t  th e  

c o n d u c t io n - b a n d  m in im u m  a n d  v a le n c e - b a n d  m a x im u m .  I t  is 

w o r th  m e n t io n in g  th a t  m a g n e to - o p t ic a l  m e a s u r e m e n ts  w e r e  

p e r f o r m e d  o n  d i f f e r e n t  s m a l l - g a p  s e m ic o n d u c to r s ,  s u c h  as  

I n A s  a n d  I n S b ,  a n d  i t  w a s  p r o v e d  th a t  th e  L a n d a u  th e o ry  

m a y  b e  a p p l ie d  u s in g  th e  e f f e c t iv e - m a s s  a p p r o x im a t io n .30

F ig u r e  3 s u m m a r iz e s  th e  d e p e n d e n c e  o n  m a g n e t i c  f ie ld  o f  

th e  p e a k  e n e r g y  o f  a l l  th e  o b s e r v e d  r e c o m b in a t io n  b a n d s  

( s y m b o ls )  in  u n t r e a te d  a s  w e l l  a s  H - i r r a d ia te d  s a m p le s .  L in e s  

a r e  f its  to  t h e  d a t a  b y  E q .  ( 1) w i th  d i f f e r e n t  n ’s, u s in g  j  a n d  

E (0 )  a s  f r e e  p a r a m e te r s .  F o r  a l l  s a m p le s ,  w e  f in d  E (0 )  

=  (0 .6 6 4  ±  0 .0 0 1 ) e V ,  w h i le  w e  d e r iv e  j =  (0 .0 9 3  ±  0 .0 0 1 ) m 0 

in  th e  u n t r e a te d  s a m p le ,  j =  (0 .1 0 6  ±  0 .0 0 2 ) m 0 in  th e  s a m p le  

h y d r o g e n a te d  w i th  d H= 1 z  a n d  j =  (0 .1 0 7  ±  0 .0 0 2 ) m 0 in  th e  

s a m p le  h y d r o g e n a te d  w i th  d H =  2 z .  N o n p a r a b o l ic i t y  e f fe c ts  

o n  th e  c o n d u c t io n  b a n d  c a n  b e  e s t im a te d  u s in g  th e  a p p r o a c h  

d e s c r ib e d  in  R e f .  3 1 . In  o u r  c a s e ,  a s s u m in g  a  n e g l ig ib le  c o n 

t r ib u t io n  f ro m  v a le n c e - b a n d  n o n p a r a b o l ic i ty ,  w e  o b ta in  a 

s im i la r ly  g o o d  f it  w i th  th e  s a m e  b a n d - g a p  e n e r g y  a t  B 

=  0  T  a n d  r e d u c e d  m a s s e s  a b o u t  1 0 %  s m a l le r  th a n  th o s e
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B  (T)

FIG . 3 . E n erg ie s  o f  th e  L Ln tra n sitio n s  h ig h lig h te d  in  F ig . 2 as a 

fu n c tio n  o f  th e  m a g n e tic  field . (a) re fe rs  to th e  u n trea ted  (as-g row n) 

sa m ple . (b) an d  (c) refer, re sp ec tiv e ly , to sa m p le s h y d ro g en a ted  

w ith  d H= 1 z  an d  d H =  2z (z = 1 0 15 cm -2 ). L ines are fits to th e  d a ta  by 

E q . ( 1) , w h ere  th e  v a lu e  o f  th e  b an d -g a p  en e rg y  a t B =  0  T , E (0 ), 

an d  th e  v a lu e  o f  th e  ca rrie r  re d u c e d  m a ss  j  a re  u sed  as fit p a ra m 

e te rs fo r ea ch  sa m p le  separa tely .

d e r iv e d  d i r e c t ly  b y  E q .  ( 1) . H o w e v e r ,  d a t a  s c a t t e r in g  ( l ik e ly  

d u e  to  th e  r e la t iv e ly  b r o a d  P L  l in e w id th )  d o e s  n o t  a l lo w  u s  to  

d i s c r im in a te  w h ic h  m o d e l  d e s c r ib e s  b e t t e r  th e  e x p e r im e n ta l  

d a ta .

In  o r d e r  to  e x t r a c t  th e  e l e c t r o n  e f f e c t iv e  m a s s  f ro m  j ,  o n e  

s h o u ld  k n o w  th e  v a lu e  o f  th e  h o le  e f f e c t iv e  m a s s  mh. U n f o r 

tu n a te ly ,  n o  d i r e c t  e s t im a t io n  o f  mh e x i s t s  a n d ,  th e r e f o r e ,  w e  

c a n  o n ly  g iv e  a  l o w e r  b o u n d  fo r  th e  e l e c t r o n  m a s s  me 

>  0 .0 9 3 m 0. I t  s h o u ld  b e  m e n t io n e d  th a t  s o m e  a u th o r s  in te r 

p r e te d  lo w - te m p e r a tu r e  P L  s p e c t r a  in  I n N  a s  m a in ly  (o r  

p a r t ly )  d u e  to  a  f r e e - e le c t r o n  to  n e u t r a l - a c c e p to r  

t r a n s i t io n .32- 34 W i th in  th is  p ic tu r e ,  th e  v a lu e s  o f  j  h e r e  d e 

r i v e d  w o u ld  c o in c id e  w i th  th e  e l e c t r o n  e f f e c t iv e  m a s s .22,23 

H o w e v e r ,  th e  d e p e n d e n c e s  o f  th e  P L  s p e c t r a  o n  te m p e r a tu r e  

a n d  la s e r  e x c i ta t io n  d e n s i ty  d o  n o t  g iv e  a n y  h in t  th a t  t h e  P L  

b a n d  w e  o b s e r v e  is  d u e  to  a n  e le c t r o n - a c c e p to r  t r a n s i t io n .  In  

th e  l im i t in g  c a s e  o f  me =  j ,  o n e  m a y  o b ta in  a n  e s t im a t io n  o f  

t h e  e l e c t r o n  c a r r i e r  c o n c e n t r a t io n  in  th e  s a m p le s  b y  s im u la t 

in g  th e  P L  s p e c t r a  a t  B  =  0  T  b y  th e  K a n e ’s m o d e l ,18 as 

s h o w n  b y  th e  t h i c k  d a s h e d  l in e s  in  F ig .  2 . O n e  f in d s  ne e q u a l  

to  7 .5  X  1 0 17 c m -3 , 2 .1  X  1 0 18 c m -3 , a n d  4 .7  X  1 0 18 c m -3 , in  

t h e  o rd e r ,  f o r  a s -g r o w n  I n N  a n d  s a m p le s  h y d r o g e n a te d  w i th  

th e  lo w e r  a n d  th e  h ig h e r  H  d o s e .35 In  th e  u n t r e a te d  s a m p le ,

th e  c a r r ie r - c o n c e n t r a t io n  v a lu e  d e r iv e d  f ro m  P L  l in e - s h a p e  

a n a ly s i s  is  s iz a b ly  s m a l le r  th a n  th e  v a lu e  fo u n d  f ro m  H a ll  

m e a s u r e m e n ts  ( s e e  S e c .  I I ) . A s  m e n t io n e d ,  th is  is  l ik e ly  d u e  

to  a  c h a r g e  a c c u m u la t io n  a t  th e  s a m p le  in t e r f a c e s .15- 17 T h is  

c h a r g e  s h o u ld  n o t  in f lu e n c e  P L  r e s u l t s .  In  f a c t ,  th e  c o n t r i b u 

t io n  to  P L  f r o m  p h o to g e n e r a te d  c a r r ie r s  a t  th e  s u r f a c e  a n d /o r  

I n N /b u f f e r  in te r f a c e  is  n e g l ig ib le  d u e  to  th e  p r e s e n c e  o f  la rg e  

e l e c t r i c  f ie ld s  a n d /o r  d e a d  la y e r  e f f e c ts  a r i s in g  f ro m  s u r f a c e  

n o n r a d ia t iv e  c e n te r s .36 In  a d d i t io n ,  th e  r e l a t iv e ly  n a r r o w  l in e -  

w id th  o f  th e  P L  s p e c t r u m  o f  th e  a s - g r o w n  s a m p le  p o in ts  

to w a r d  a  c o n s ta n t  b a c k g r o u n d  e l e c t r o n  c o n c e n t r a t io n  o v e r  

th e  s a m p le  v o lu m e  p r o b e d  b y  r a d ia t iv e ly  r e c o m b in in g  

c a r r ie r s .

W e  n o w  c o m p a r e  o u r  e l e c t r o n  m a s s  lo w e r  l im i t  w i th  th e  

(m e) v a lu e s  o b ta in e d  b y  in f r a r e d  r e f le c t iv i ty  o r  e l l ip s o m e tr y  

m e a s u r e m e n ts  r e p o r te d  in  th e  l i t e r a tu r e .6- 11,13 T h o s e  m e a 

s u r e m e n ts  p r o v id e  th e  d e n s i ty - o f - s ta te s - a v e r a g e d  e le c t ro n  

m a s s  f r o m  k = 0  to  th e  F e r m i  w a v e  v e c to r  k F , 11,14 w h o s e  

v a lu e  d e p e n d s  o n  th e  d o p in g  le v e l  o f  th e  s a m p le s .  In  th a t  

c a s e ,  th e  k = 0  l im i t  c a n  b e  d e d u c e d  fo r  ne ̂  0  th a t  c o r r e 

s p o n d s  to  a n  ideally intrinsic  I n N  a n d  g iv e s  me 

~  0 . 0 5 - 0 . 0 7 m 0.7,9,27 H e r e ,  in s te a d ,  w e  d e t e r m in e  th e  e l e c 

t r o n  e f f e c t iv e  m a s s  m a in ly  a t  T  p o in t  (me a  0 .1 m 0) in  a  really 

doped (ne a  1 0 18 c m -3 ) I n N  s a m p le .  T h e r e f o r e ,  th e  la r g e  d i s 

c r e p a n c y  fo u n d  b e tw e e n  th e  tw o  ty p e s  o f  m e a s u r e m e n ts  

o u g h t  to  b e  d u e  to  d o p in g  in  in d iu m  n i t r id e .  W e  s p e c u la te  

th a t  in  I n N , th e  n a tu r e  o f  n - ty p e  d o p a n ts  p e r tu r b s  th e  h o s t  

c r y s ta l  to  a  q u i te  l a r g e  e x te n t  ( c o n t r a r y  to  w h a t  is  o b s e r v e d  in  

d e g e n e r a t e  G a A s ) .  A m o n g  th e  p r o p o s e d  s o u r c e s  o f  d o p in g  

a r e  n i t r o g e n  v a c a n c ie s  a n d /o r  a n t is i t e s  a n d  in c o r p o r a t io n  o f  

o x y g e n  a n d  h y d r o g e n  a t o m s .18,37,38 A l th o u g h  to  a  d i f f e r e n t  

e x te n t ,  th e s e  d o n o r  s o u r c e s  m a y  d i s o r d e r  th e  la t t i c e  p o te n t ia l  

th u s  g iv in g  r i s e  to  a n  e n h a n c e d  lo c a l i z e d  c h a r a c t e r  ( a n d  i n 

c r e a s e d  e f f e c t iv e  m a s s )  o f  t h e  c o n d u c t io n - b a n d  m in im u m  

th e n  p o s s ib ly  a c c o u n t in g  fo r  th e  in c r e a s e  in  th e  c a r r ie r -  

r e d u c e d  m a s s  o b s e r v e d  in  th e  h y d r o g e n - i r r a d ia t e d  s a m p le s .  

A l te rn a t iv e ly ,  a  c o n t r ib u t io n  to  th e  P L  s p e c t r a  f ro m  k  #  0 

s ta te s  c h a r a c t e r iz e d  b y  th e  h ig h e r  c o n d u c t io n - b a n d  c u r v a tu r e  

m a y  r e s u l t  in  a  r e d u c e d  L a n d a u - l e v e l  s h i f t  a n d ,  h e n c e ,  in  a n  

a v e r a g e d  la rg e r  c a r r ie r  m a s s .

IV. CONCLUSIONS

In  c o n c lu s io n ,  w e  p r e s e n te d  c a r r i e r  m a s s  m e a s u r e m e n ts  in  

h e a v i ly  d o p e d  b u lk  s e m ic o n d u c to r s  ( G a A s  a n d  In N )  b y  m a g -  

n e to p h o to lu m in e s c e n c e  u p  to  B  =  3 0  T . In  b o th  s y s te m s ,  h ig h  

m a g n e t i c  f ie ld s  (1 2  T  a n d  16  T  f o r  G a A s  a n d  I n N , r e s p e c 

t iv e ly )  a r e  n e c e s s a r y  to  o v e r c o m e  d e c o h e r e n c e  o f  th e  c a r r ie r  

c y c lo t r o n  o r b i t  i n d u c e d  b y  c a r r i e r  a n d /o r  d o n o r  s c a t te r in g .  In  

I n N , w e  o b s e r v e  L a n d a u - l e v e l  in te r b a n d  r e c o m b in a t io n s ,  

w h o s e  n u m b e r  in c r e a s e s  w i th  th e  s a m p le  f r e e - e le c t r o n  c o n 

c e n t r a t io n .  T h is  la t te r  h a s  b e e n  p u r p o s e ly  v a r ie d  f r o m  a b o u t  

7 .5  X  1 0 17 c m -3 to  4 .7  X  1 0 18 c m -3 b y  p o s tg r o w th  H  i r r a d ia 

t io n .  B y  th e  s lo p e  o f  th e  L a n d a u  le v e ls ,  w e  d e t e r m in e  th e  

c a r r ie r - r e d u c e d  m a s s  a t  t h e  T  p o in t :  j =  (0 .0 9 3  ±  0 .0 0 2 ) m 0 in  

th e  u n t r e a te d  I n N  s a m p le  (ne ~  7 .5  X 1 0 17 c m -3 ) a n d  j  

=  (0 .1 0 6  ±  0 .0 0 2 ) m 0 in  th e  h y d r o g e n a te d  s a m p le s  (ne ~  2 - 5  

X  1 0 18 c m -3 ) .  D u e  to  a  l a c k  o f  k n o w le d g e  o f  th e  h o le  m a s s ,  

w e  c a n  o n ly  s e t  a  l o w e r  l im i t  to  th e  e l e c t r o n  m a s s  e q u a l  to

1 6 5 2 0 7 -4



C A R R IE R  M A S S  M E A S U R E M E N T S  IN  D E G E N E R A T E . P H Y S IC A L  R E V IE W  B  7 9 , 1 6 5 2 0 7  (2 0 0 9 )

0 .0 9 3m 0 in  th e  H - f r e e  s a m p le .  T h is  h ig h  m a s s  a t  th e  

c o n d u c t io n - b a n d  m in im u m  c a n  b e  ju s t i f i e d  b y  th e  s t ro n g  

k - s p a c e  d i s to r t io n  c a u s e d  b y  th e  c r y s ta l  d e f e c ts  th a t  a r e  a 

s o u r c e  o f  d o p in g  in  in d iu m  n i t r id e .
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