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1 .  I ntroduction

Recent a d v a nces  i n th e g r o w th  o f  I I I - N i tr i d e s em i co nd u cto r  f i l m s [1]  h a v e l ed  to  th e d ev el o p m ent o f
h i g h - ef f i ci ency ,  s h o r t- w a v el eng th  l i g h t- em i tti ng  d i o d es  a nd  l a s er  d i o d es .   T h e a cti v e l a y er s  o f  th e
l i g h t- em i tti ng  d ev i ces  a r e u s u a l l y  co m p o s ed  o f  I n¦ G a §�¨ ¦ N .   B eca u s e o f  th e 10 %  f r a cti o na l  d i f f er ence



between the Ga-N and  I n-N bo nd  l eng ths ,  p has e s ep ar ati o n and  c o m p o s i ti o nal  i nho m o g enei ty  ar e
c o m m o n p heno m ena i n I n� Ga ��� � N f i l m s .  A c c o r d i ng  to  the m o d i f i ed  v al enc e-f o r c e-f i el d  m o d el  o f  H o
and  S tr i ng f el l o w[ 2] ,  at 80 0  ° C  the m i s c i bi l i ty  g ap  o f  I n � Ga ��� � N i s  0 .0 6< x < 0 .94,  and  s p i no d al
d ec o m p o s i ti o n o c c u r s  f o r  0 .20 < x < 0 .80 .

I n p r i o r  ex p er i m ental  wo r k ,  O s am u r a[ 3]  o bs er v ed  p has e s ep ar ati o n by  x -r ay  d i f f r ac ti o n ( X R D )
i n p o l y c r y s tal l i ne I n � Ga ��� � N;  S i ng h[ 4]  o bs er v ed  p has e s ep ar ati o n by  X R D  i n 0 .3 µm  to  0 .4 µm  thi c k
m o l ec u l ar  beam  ep i tax y  ( M B E )  g r o wn f i l m s  wi th x > 0 .3;  and  P i ner [ 5]  and  E l -M as r y [ 6]  o bs er v ed  p has e
s ep ar ati o n by  s el ec ted -ar ea d i f f r ac ti o n tr ans m i s s i o n el ec tr o n m i c r o s c o p y  ( S A D -T E M )  i n 0 .3 µ m  to
0 .5 µm  thi c k  m etal -o r g ani c  c hem i c al  v ap o r  d ep o s i ti o n ( M O C V D )  g r o wn f i l m s  wi th  x > 0 .25.  P i ner  and
E l -M as r y  al s o  o bs er v ed  s p i no d al  d ec o m p o s i ti o n by  T E M  i m ag i ng  i n a f i l m  wi th x≈ 0 .45.

I n the p r es ent s tu d y ,  the s tr u c tu r al  and  o p ti c al  p r o p er ti es  o f  a s et o f  ≥ 0 .38 µm  thi c k  I n� Ga ��� � N
f i l m s  wi th 0 .0 4≤x≤ 0 .47 wer e ex am i ned  by  the f o l l o wi ng  tec hni q u es :  X R D  θ-2θ s c ans  and  r o c k i ng
c u r v es  ( l o ng -r ang e s tr u c tu r e) ,  E X A F S  ( s ho r t-r ang e s tr u c tu r e) ,  wav el eng th-d i s p er s i v e s p ec tr o s c o p y  i n
an el ec tr o n-p r o be m i c r o anal y z er  ( W D S / E P M A )  ( c o m p o s i ti o n) ,  and  o p ti c al  tr ans m i ttanc e and
c atho d o l u m i nes c enc e ( C L )  s p ec tr o s c o p i es .

W hi l e the f i l m s  i n the p r es ent s tu d y  and  the s tu d i es  c i ted  abo v e ar e thi c k  eno u g h to  hav e
bu l k -l i k e p r o p er ti es ,  the I n� Ga ��� � N ac ti v e l ay er s  i n l i g ht-em i tti ng  d ev i c es  ar e u s u al l y  q u antu m  wel l s
( 1  nm  to  5 nm  thi c k ) .  A l tho u g h a d i s c u s s i o n o f  the u ni q u e p r o p er ti es  o f  I n� Ga ��� � N q u antu m  wel l s  i s
bey o nd  the s c o p e o f  thi s  wo r k ,  the ef f ec t o f  i nho m o g enei ty  and  p has e s ep ar ati o n o n the o p ti c al
p r o p er ti es  o f  q u antu m -wel l  s tr u c tu r es  i s  c u r r entl y  an ac ti v e ar ea o f  r es ear c h[ 7] [ 8] .
2. Experimental procedure

T he I n� Ga ��� � N f i l m s  ex am i ned  i n thi s  s tu d y  wer e g r o wn by  atm o s p her i c -p r es s u r e M O C V D  o n ( 0 0 0 1 )
s ap p hi r e s u bs tr ates  i n a r ad i o -f r eq u enc y  i nd u c ti v el y  heated  v er ti c al  c ham ber  ( at No r th C ar o l i na S tate
U ni v er s i ty ) .  I n the ear l i er  d ep o s i ti o ns  ( d o ne i n 1 996) ,  the bu f f er  l ay er  ( between the s u bs tr ate and  the
I n � Ga ��� � N)  was  a 0 .1  µ m  to  0 .2 µm  thi c k  A l GaN g r ad ed  to  GaN l ay er  g r o wn at 950  ° C ;  i n the l ater
d ep o s i ti o ns  ( 1 998 and  1 999) ,  the bu f f er  l ay er  was  a 0 .45 µm  to  1 .0  µm  thi c k  GaN l ay er  g r o wn at
1 0 0 0  ° C .  A  p u r e GaN f i l m  was  g r o wn by  a s i m i l ar  p r o c es s .  A  p u r e I nN f i l m  was  g r o wn o n an A l N
nu c l eati o n l ay er  by  m etal -o r g ani c  m o l ec u l ar  beam  ep i tax y  ( at the U ni v er s i ty  o f  F l o r i d a) .

T he i nd i u m  f r ac ti o n i n eac h I n� Ga ��� � N f i l m  was  m eas u r ed  by  W D S / E P M A  wi th an i nc i d ent
el ec tr o n ener g y  o f  8 k eV .  T he I n,  Ga and  N ato m i c  c o nc entr ati o ns  wer e c al i br ated  wi th I nA s ,  GaP ,
and  GaN s tand ar d s  r es p ec ti v el y .  A t l eas t f i v e s p o ts  o n eac h s am p l e wer e p r o bed  by  W D S .  T he bes t
W D S  es ti m ate o f  the i nd i u m  f r ac ti o n i s  d eno ted  x ����� .

T he c -ax i s  l atti c e c o ns tants  o f  the I n� Ga ��� � N,  GaN,  and  I nN l ay er s  wer e d eter m i ned  f r o m  θ-2θ
s c ans  o f  the hi g h-ang l e,  0 0 0 6 d i f f r ac ti o n p eak s .  I nd i u m  K  ed g e E X A F S  o f  s ev er al  I n� Ga ��� � N f i l m s  was
c o l l ec ted  o n beam l i ne X 23A 2 at the Nati o nal  S y nc hr o tr o n L i g ht S o u r c e. T he E X A F S  d ata wer e
anal y z ed  u s i ng  s tand ar d  bac k g r o u nd  r em o v al  and  F o u r i er  tr ans f o r m  m etho d s .

T r ans m i ttanc e s p ec tr a wer e o btai ned  i n a U V -to -near -I R  ( 0 .2 µm  to  2.5 µm )  s p ec tr o p ho to m eter ,
and  no r m al i z ed  to  the tr ans m i ttanc e o f   an u nc o ated  s ap p hi r e s u bs tr ate.  R o o m -tem p er atu r e C L  s p ec tr a
wer e o btai ned  i n a s c anni ng  el ec tr o n m i c r o s c o p e wi th beam  v o l tag e o f  5 k V .

A d d i ti o nal  d etai l s  o f  the d ep o s i ti o n p r o c es s es  and  c har ac ter i z ati o n tec hni q u es  ar e g i v en i n a
m o r e ex tens i v e d i s c u s s i o n o f  thi s  wo r k [ 9] .



3. Results and discussion

3.1. Structural characterization (WDS/EPMA, XRD, EXAFS)

T h e  l a t t i c e  c o n s t a n t  c ,  d e t e r m i n e d  f r o m  t h e  f i t t e d  p e a k  d i f f r a c t i o n  a n g l e  (θ ������� )  b y  t h e  b a s i c  d i f f r a c t i o n
e q u a t i o n  c = n λ�	� 
���� / (2  s i n (θ ������� ) )  w i t h  n = 6  a n d  λ�	� 
��� = 0 .15 4 0 6  n m ,  i s  p l o t t e d  a s  a  f u n c t i o n  o f  x ����  i n  F i g .
1.  V e g a r d ’ s  l a w  i s  s e e n  t o  b e  o b e y e d ;  t h e  l a t t i c e  c o n s t a n t s  o f  t h e  I n � G a ��� � N  f i l m s  a r e  f i t  w e l l  b y  a
l i n e a r  i n t e r p o l a t i o n  b e t w e e n  t h e  e n d p o i n t  c o m p o u n d s ,  c(x ��	� ) = c ����� (1−x ��	� ) + c � ��� x ���� ,  w i t h
c ����� = 0 .5 18 5  n m [ 10 ]  a n d  c � ��� = 0 .5 7 0 5  n m [ 11] .  I n  F i g . 1,  t h e  V e g a r d ’ s  l a w  i n t e r p o l a t i o n  i s  s h o w n  a s  a
d a s h e d  l i n e ,  a n d ,  f o r  c o m p a r i s o n ,  a n  u n c o n s t r a i n e d  l i n e a r  f i t  t o  t h e  a l l o y  d a t a  i s  s h o w n  a s  a  d o t t e d  l i n e .
T h e  h o r i z o n t a l  e r r o r  b a r s  i n  F i g . 1 r e p r e s e n t  t h e  2 σ u n c e r t a i n t i e s  o f  x ��	�  a s  e s t i m a t e d  f r o m  t h e
s p o t - t o - s p o t  v a r i a t i o n  o f  t h e  W D S / E M P A  r e s u l t s .  (I n  t h i s  s t u d y ,  a l l  m e a s u r e m e n t  u n c e r t a i n t i e s  a r e
r e p o r t e d  a t  t h e   2 σ l e v e l .)

A  s e c o n d ,  h i g h - i n d i u m  p h a s e  w a s  o b s e r v e d  b y  X R D  i n  t h e  a l l o y  f i l m s  w i t h  x ���� > 0 .4 .  T h e  θ- 2 θ
s c a n s  f o r  t h e s e  s a m p l e s  a n d  f o r  t h e  p u r e  I n N / s a p p h i r e  s a m p l e  a r e  p l o t t e d  i n  F i g . 2 .  T h e  a n g u l a r
p o s i t i o n  o f  t h e  h i g h - i n d i u m  p e a k  i n  t h e  a l l o y  f i l m s  i s  10 8 .4 ° ,  c o m p a r e d  t o  10 8 .2 ° f o r  p u r e  I n N .  T h e
c o m p o s i t i o n  o f  t h e  s e c o n d  p h a s e  i s  t h u s  e s t i m a t e d  (f r o m  V e g a r d ’ s  l a w )  t o  b e  x = 0 .9 9 .  T h e  i n t e g r a t e d
i n t e n s i t y  r a t i o  o f  t h e  x = 0 .9 9  p e a k  t o  t h e  d o m i n a n t  I n � G a ��� � N  p e a k  i n  t h e s e  f i l m s  i s  < 0 .0 4 .

S i x  I n � G a ��� � N  f i l m s  w e r e  c h a r a c t e r i z e d  b y  I n  K  e d g e  E X A F S .  T h e  I n / (I n + G a )  r a t i o  i n  t h e
i n d i u m  s e c o n d - n e i g h b o r  s h e l l ,  d e n o t e d  x����� ,  w a s  c a l c u l a t e d   b y  c u r v e - f i t t i n g  t o  t h e  E X A F S  r a d i a l
d i s t r i b u t i o n  f u n c t i o n . T h e  E X A F S  x�����  v a l u e s  a r e  c o m p a r e d  w i t h  t h e  W D S / E P M A  x ����  v a l u e s  i n  F i g . 3.
W i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y  o f  t h e  E X A F S  r e s u l t s  (2 σ(x����� ) = 0 .0 5  t o  2 σ(x����� ) = 0 .0 9 ) ,  t h e
c o m p o s i t i o n  o f  t h e  i n d i u m  s e c o n d - n e i g h b o r  s h e l l  c a n n o t  b e  d i s t i n g u i s h e d  f r o m  t h e  a v e r a g e
c o m p o s i t i o n .  I n  a  p r e v i o u s  E X A F S  s t u d y  o f  M B E - g r o w n  I n � G a ��� � N  f i l m s  (g r o w t h  t e m p e r a t u r e  ≈
4 0 0  ° C ) ,  t h e  I n - G a  i n t e r a t o m i c  s e p a r a t i o n s [ 12 ]  d e t e r m i n e d  f r o m  I n  e d g e  E X A F S  a n d  f r o m  G a  e d g e
E X A F S  w e r e  f o u n d  t o  b e  i n  g o o d  a g r e e m e n t  w i t h  e a c h  o t h e r ,  a s  e x p e c t e d  f o r  a  r a n d o m  a l l o y  s t r u c t u r e .
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If a large fraction of the indium atoms were located in indium- rich clusters,  as p rop osed in some
models[ 1 3 ] ,  then the ratio of In- In to In- G a p airs in the second shell would b e larger than the av erage
In/ G a ratio;  i.e.,  x����� −x ���	� > 0 .  T he ab sence of ob serv ab le ( b y  EX A F S )  indium clustering is thus further
ev idence,  in addition to the V egard’ s law b ehav ior of the c lattice constant ( F ig. 1 ) ,  that the In/ G a
distrib ution in most films is random or nearly  random.  B ecause of the large uncertainties of the x�����
v alues calculated from EX A F S ,  howev er,  indium clustering cannot b e comp letely  ruled out.
3 .2 . O p t i ca l  ch a r a ct e r i z a t i o n  ( t r a n s m i t t a n ce  a n d C L )

T he measured op tical transmittances were conv erted to ab sorp tion ( cm 
�� )  units using the eq uation
α �� � ( E) = ( 1 / d � ) log( 1 / T ( E) ) ,  where T ( E)  is the transmittance and d �  is the In� G a ��� � N  lay er thick ness.  T he
p arameter α �� � ( E)  includes reflection and scatter losses as well as true internal ab sorp tion.  T he α �� � ( E)
sp ectra of the p ure G aN  film and selected In� G a ��� � N  films are p lotted in F ig. 4 .  ( T he film thick nesses
d �  were estimated from the sp acing of interference fringes in the transmittance sp ectra,  not shown.)

T he p ure G aN  film shows a sharp  ab sorp tion edge at 3 .4  eV ,  as ex p ected.  In contrast,  in the
alloy s,  α �� � ( E)  shows an ap p rox imately  linear increase with p hoton energy  ab ov e a characteristic
“ turning p oint”   energy ,   identified as the op tical ab sorp tion b and gap ,  E ��� ����� .  T he v alue of E ��� �����
decreases with increasing x ;  the ab ov e- gap  slop e,  ∂α ���� ( E) / ∂E,  also decreases with increasing x. T he
b and gap  energies were q uantified using an emp irical criterion[ 1 4 ]  related to the intuitiv e idea of a
“ turning p oint” :  E ��� �����  is tak en to b e the energy  at which ∂ � ln( α ���� ( E) ) / ∂E �  is max imum.  N umerical
smoothing and differentiation was used to calculate the second deriv ativ e v alues from the data.

In each In� G a ��� � N  film,  the room- temp erature C L  sp ectrum ( not shown here)  contains two or
more p eak s[ 9] .  T he p eak  energies were determined b y  curv e- fitting to a sum of G aussians.  T he
highest- energy  C L  p eak  in each samp le correlates well with E ��� ����� ,  and is thus ascrib ed to b and- to- b and
( or near- b and- edge imp urity )  recomb ination.  T he energy  of the b and- edge p eak  is denoted E ��� ��� .
  T he transmittance ( E ��� ����� )  and C L  ( E ��� ��� )  b and gap s are p lotted in F ig. 5 .  T hree different

�! "�

�! $#

�! �%

�! �&

�! '

x

( )
*  (E

XA
FS

)

�! "� �! $# �! �% �! �& �! �'
x +�,.-  (WDS)

/1032�4657468:9�;=<�>@?A0�BA9�CD9�EGF�C�H�I�F�CKJMLN>POG?Q>�R�039S0 CTR"U�V
0 C�WK0 XY;ZBAVP[P9�C�WY\�C�VP032]UY^�9�?_B$UKVa`"`:I�b�cadQe$ONE�?Q9�;gfihNjk/il�m
>@C�Wn>�o�V@?Q>P2�VpF�C�H�I�F�CKJMLN>POq?Q>�R�039nI�bYr3s�t�OuE�?Q9�;wvyx_l�4
xz>]B$U�VPW{`"0 CKVNB$U�9]|=B7b�c]dQe~}{b�r3s�tA4

�

�

� �

"

���  (
10

�  cm

�� )

� � � �
Photon energy (eV)

�
�:��� � �
�:� �����
�:� � � �
�:� �����
�:� ���i�
�M�@�a�7�

/1032�4���4�f�E~E~V�[�R�0 o�V�9�<�R�03[P>P`�>@^�BA9�?�<�R�039�C�[�9YVPE�E$0�[a03V�C�R~BAm
���"� � I�f�O$m�9YE LN>	¡g>@C�W�BQVa`3V�[�R�VPW¢F�C�£~Lk>]¤3¥ £3¡TE$0"` ;�B	miE�?Q9�;
R�?Q>@C�B$;�0 R"R�>�C�[PV�4¦l]§�;=^�9K`�BuI~[P0 ?Q[P`3VaBq|=0 R�U¨[�?Q9�B	BA\�U�>a0 ?	BQO
B$U�9]|©V]B�R�0 ;ª>�R�VPW{9]<�R�03[P>P`Y^�>�C�W{2�>@<_V@C�V�?Q2Y03V]B�4



quadratic fits to the data are shown in Fig. 5, all based on the function
E � {x ����� } =  E ����� (1 −x ����� ) +  E 	 
�� (x ����� ) +  E  (x ����� )(1 −x ����� ) with E ����� = 3 .4 1  eV .  T he non- linear term , E  , is
usually  called the bowing p aram eter.  T he fits differ only  in the constraint on the I nN  (x = 1 ) endp oint.
I n the first fit (dashed line), the endp oint is tak en to be E 	 
�� = 1 .8 9 eV , as rep orted in the literature[ 1 5] .
I n the second fit (dash- dotted line), the endp oint is tak en to be E 	 
�� = 1 .3 7  eV , as observ ed for the p ure
I nN  film  in this study .  (T he 0 .52  eV  band gap  reduction of our I nN  film , as com p ared to the literature
v alue[ 1 5] , is tentativ ely  ascribed to band tailing due to deep  defect or im p urity  lev els.  H all effect
m easurem ents[ 9]  p rov ide ev idence for a high density  of deep  lev els in the I nN  film .)  I n the third fit
(solid line), E 	 
��  is unconstrained.  T he unconstrained fit is seen to agree better with the E 	 
�� = 1 .8 9 eV
fit than with the E 	 
�� = 1 .3 7  eV  fit.  N ote, howev er, that chi- squared is sim ilar for all three fits.  T he
p aram eter v alues for the unconstrained fit are E  = (− 4 .57 ± 0 .7 5) eV  and E 	 
�� = (1 .94 ± 0 .51 ) eV .  T he
large uncertainties are due to the high degree of correlation of the two fitting p aram eters.
3 .3 . E s t i m a t e s  o f  co m p o s i t i o n a l  i n h o m o g e n e i t y  f r o m  s t r u ct u r a l  a n d  o p t i ca l  d a t a
I f it is assum ed that the full width at half m ax im um  (FW H M ) of the 0 0 0 6  X R D  p eak  arises p rim arily
from  v ariation of the c lattice constant, and the v ariation of c arises p rim arily  from  com p ositional
fluctuations, then the m agnitude of the com p ositional fluctuations, ∆x, can be estim ated from  V egard’ s
law:  ∆x �����  =  ∆c / (c 	 
�� −c ����� ) where ∆c is the X R D  FW H M  in lattice constant units.  S im ilarly , if it is
assum ed that the FW H M  of the band- edge C L  p eak  arises p rim arily  from  com p ositional fluctuations,
then ∆x can be estim ated by  differentiation of the equation for E � {x ����� }:
∆x ���  =  ∆E ���  /  | E �����  − E 	 
��  − E   +  2 E  x ����� | .  T he com p ositional inhom ogeneities ∆x �����  and ∆x ��� ,
estim ated from  the X R D  and C L  FW H M s resp ectiv ely , are p lotted in Fig. 6 .

T he v alues of ∆x �����  and ∆x ���  are seen to be in good agreem ent with each other.  B ecause the C L
and X R D  m easurem ents are indep endent, this agreem ent sup p orts the v alidity  of both m odel
calculations.  T he calculated v alues of ∆x are close to ∆x = 0 .2 x �����  (dashed line in Fig. 6 ) for x ����� < 0 .3 5.
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4. Conclusion

The structural (XRD, EXAFS) and compositional (WDS/EPMA) characterization results suggest that
the structure of  the I n� G a ��� � N  f ilms is w ell describ ed b y  a random- alloy  model, i. e.  a random
distrib ution of  I n and G a atoms on the cation sub lattice, ex cept f or the presence of  a small amount of  a
high- indium second phase in the f ilms w ith x ����� > 0 . 4 .   B oth optical transmittance and C L  measurements
show  that the optical b and gap v aries as a q uadratic f unction of  x ���	�  w ith a b ow ing parameter
(− 4 . 5 7 ± 0 . 7 5 ) eV .   The magnitude of  the compositional f luctuations in each alloy  f ilm, ∆x, w as
estimated f rom a model calculation b ased on the FWH M of  the 0 0 0 6  XRD peak , and, independently ,
f rom a model calculation b ased on the FWH M of  the b and- edge C L  peak .  The tw o model calculations
giv e similar results.   I t is not y et k now n w hether the compositional f luctuations are simply  the
statistical f luctuations that occur in a random alloy  or, on the other hand, are larger than random.
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