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A  B S T  R  A C T

T  w o  disti n ct  ultr a-t hi n    G e 1 −  x S n x (x  ≤  0. 1)  e pil a y ers    wer e  d e p osit e d  o n  ( 0 0 1)  Si  s u bstr at es  at  4 5 7  a n d  3 1 3 °  C  t hr o u g h  r e  m ot e  pl as  m a-
e n h a n c e d  c h e  mi c al  v a p or  d e p ositi o n.   T h es e fil  ms  ar e  c o nsi d ere d  p ot e nti al i niti ati o n l a y ers f or  s y nt h esi zi n g t hi c k  e pit a xi al   G e S n fil  ms.   T h e
G e S n fil  m  d e p osit e d at  3 1 3 °  C  h as a t hi c k n ess  of  1 0 n  m a n d e x hi bits a  hi g hl y e pit a xi al c o nti n u o us str u ct ure   wit h its l atti c e  b ei n g c o  m pr ess e d
al o n g t h e i nt erf ac e  pl a n e t o  c o h er e ntl y   m at c h  Si   wit h o ut   mis  m at c h  disl o c ati o ns.   T h e   G e S n fil  m  d e p osit e d  at  4 5 7 °  C  e x hi bits  a  dis cr et e  e pi-
t a xi al  isl a n d-li ke    m or p h ol o g y   wit h  a  p e a k  h ei g ht  of  ∼  3 0 n  m  a n d  f ull-  wi dt h  h alf    m a xi  m u  m  ( F   W  H  M)  v ar yi n g  fr o  m  2 0  t o  1 0 0 n  m.    G e S n
isl a n ds   wit h  a n  F   W  H  M  s  m all er  t h a n  2 0 n  m  ar e  d ef e ct  fr e e,   w h ere as  t h os e  e x c e e di n g  2 5 n  m  e n c o  m p ass  n a n ot  wi ns  a n d/ or  st ac ki n g  f a ults.
T h e   G e S n isl a n ds f or  m t  w o- di  m e nsi o n al   m o d ul at e d  s u p erl atti c e  str u ct ures  at t h e i nt erf a c e   wit h  Si.   T h e   G e S n fil  m  d e p osit e d  at  4 5 7 °  C  p os-
s ess es  a l o  wer  S n  c o nt e nt  c o  m p ar e d t o t h e  o n e  d e p osit e d  at l o  wer t e  m p er at ure.   T h e  p ot e nti al i  m p a ct  of  usi n g t h es e t  w o  disti n ct  ultr a-t hi n
l a yers as i niti ati o n l a y ers f or t h e  dir e ct  gr o  wt h  of t hi c k er   G e S n e pit a xi al fil  ms  o n ( 0 0 1)  Si s u bstr at es is  dis c uss e d.
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I. I  N T  R  O  D  U  C TI  O  N

Hi g h- q u alit y  e pit a xi al    G e S n  fil  ms   wit h  S n  c o nt e nt  e x c e e di n g
6 at.   %,  off er  e x c e pti o n all y  pr o  misi n g  el e ctri c al  a n d  o pti c al  pr o p er-
ti es  n e e d e d f or a p pli c ati o ns s p a n ni n g  n e ar- a n d   mi d-i nfr ar e d  d et e c-
t ors,  e  mitt ers,  a n d l as ers.1 – 7 H o  we ver, t h e i n h ere nt  c h all e n g es   wit h
t h es e  all o ys, i n cl u di n g t h e li  mit e d  b ul k  s ol u bilit y  of  S n i n   G e, 8 t h e
pr o p e nsit y f or  S n t o  s e gre g at e  or  pre ci pit at e fr o  m   G e S n  at  el e v at e d
t e  m perat ures,  a n d  t h e  s u bst a nti al  l atti c e    mis  m at c h   b et  we e n    G e S n
fil  ms  a n d  Si  s u bstrat es,  pres e nt  c o nsi d er a bl e  o bst acl es  i n  ac hi e vi n g
e pit a xi al    G e S n  fil  ms  of  s u p eri or  q u alit y.    T o  s ur  m o u nt  t h es e  c h al-
l e n g es  a n d  att ai n  hi g her  S n  c o nt e nt i n   G e S n fil  ms, si g nifi c a nt re c e nt
eff orts   h a ve   b e e n   dire ct e d  t o w ar d  i n n o v ati n g   di vers e  t e c h ni q u es

usi n g   l o w-t e  m per at ure,   n o n- e q uili bri u  m   gr o wt h   pr o c ess es.     O n e
e x a  m pl e  a  m o n g t h es e   m et h o ds is re  m ot e  pl as  m a-e n h a n ce d c h e  mi c al
v a p or  d e p ositi o n  ( R P E  C  V  D),   w hi c h  pr o vi d es  t h e  c a p a bilit y  f or  f ast
gr o wt h  of e pit a xi al   G e S n fil  ms. 9 ,1 0

A n ot h er  c h all e n g e  i n  ac hi e vi n g   hi g h- q u alit y  e pit a xi al    G e S n
t hi n  fil  ms    wit h  a  hi g h  S n  c o nt e nt  o n  ( 0 0 1)  Si  is  t h e  s u bst a nti al
l atti c e    mis  m at c h  b et  we e n  t h e  fil  m  a n d  t h e  s u bstr at e.  S u c h  a  l ar g e
l atti c e   mis  m at c h  at t h e i nt erf a c e  pr o d u c es  c o  m pr essi ve str ai n i n t h e
fil  m, l e a di n g t o str u ct ur al  d ef e cts s u c h  as e d g e  or t hre a di n g  disl o c a-
ti o ns.   T o  a d dr ess  t his  c h all e n g e,    m et h o ds  s u c h  as  i ntr o d u cti o n  of
a n i nt er  m e di at e   G e  b uff er l a yer (s o  m eti  m es c all e d  a   G e  virt u al s u b-
str at e)  or a  gr a d e d  b uff er l a yer  pri or t o   G e S n fil  m  gr o  wt h  h a v e  b e e n
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e  m pl o ye d.   T h e  g o al  of s u c h  b uff er l a yers is t o r e d u c e t h e str ai n  a n d
e n h a n c e fil  m  q u alit y  b y   mi ni  mi zi n g t h e  o c c urr e n c e  of  d ef e cts. 1 1 – 1 5

I n  t his    w or k,    we  re p ort  o n  a  c o  m pre h e nsi v e  e x a  mi n ati o n  of  t h e
m or p h ol o g y,   c o  m p ositi o n,   a n d    mi cr ostr u ct ur e   of  t  w o   ultr a-t hi n
G e S n  l a yers  o n  ( 0 0 1)  Si  t h at  c a n  p ot e nti all y  b e  us e d  as  i niti ati o n
l a yers  f or  d e p ositi o n  of  t hi c k  e pit a xi al    G e S n  fil  ms  dire ctl y  o n  Si
wit h o ut  a n y  b uff er l a y er.   T h es e  n u cl e ati o n l a yers   wer e  d e p osit e d  b y
R P E  C  V  D  at  t  w o   disti n ct  t e  m p er at ures  t o   b ett er   u n d erst a n d  t h e
gr o  wt h   t e  m p er at ure- c o  m p ositi o n-  mi cr ostr u ct ur e-str ai n   r el a x ati o n
rel ati o ns hi p  n e ar t h e i nt erf a c e.

II.   E  X  P  E  RI   M  E  N T

T  w o   disti n ct    G e 1 −  x S n x (x  ≤  0. 1)   ultr a-t hi n  i niti ati o n  l a yers
wer e   d e p osit e d   vi a    R P E  C  V  D   at   a   hi g h  t e  m p er at ure   of   4 5 7 °  C
( d e n ot e d  as   H TI L)  a n d  a  st a n d ar d t e  m p er at ure  of  3 1 3 °  C ( d e n ot e d
as  S TI L), r es p e cti vel y.   T h e l a yers   wer e  gr o  w n  usi n g  4 2 S  C  C  M fl o  ws
of  6  %    G e  H 4 /  H e  a n d  1 2. 5 S  C  C  M  of  S n  Cl 4 /  H e    wit h  a n  a d diti o n al
3. 7 5 S  C  C  M   H e  dil uti o n.  F or s u bstr at e  pr e p ar ati o n, t h e ( 0 0 1)  Si s u b-
str at es   wer e  et c h e d  f or  1   mi n  i n  a  dil ut e    H F  s ol uti o n  t o  eli  mi n at e
t h e  n ati v e  o xi d e  l a y er  pri or  t o  b ei n g  i ntr o d u c e d  i nt o  t h e  gr o  wt h
a p p ar at us.   T h e  d e p ositi o n  ti  m e  f or  b ot h  i niti ati o n  l a yers   w as  4 5 s.
F urt h er  d et ails  of t h e  gr o  wt h  pr o c ess  a n d  e q ui p  m e nt  c o nfi g ur ati o n
h a v e  b e e n r e p ort e d  pr e vi o usl y. 9 ,1 0

T h e s urf ac e  c o  m p ositi o n  of t h e fil  ms   w as i n vesti g at e d  b y  x-r a y
p h ot o el e ctr o n s p e ctr os c o p y ( X P S) c o n d u ct e d i n a  P er ki n- El  m er  P hi
5 6 0    E S  C  A/ S  A  M    s yst e  m    usi n g    a n     Al     K α e x cit ati o n    s o urc e
( 1 4 8 4. 6 e  V).   S ur v e y  s p e ctr a  s p a n ni n g  t h e  r a n g e   0– 1 3 0 0 e  V    wer e
ac q uire d    wit h  a  st e p  si z e  of  0. 2 e  V  a n d  a  p ass  e n er g y  of  1 0 0 e  V.
C ali br ati o n  of  bi n di n g  e n er g y  ( B E)  r eli e d  o n  t h e   C  1s  p e a k,  p osi-
ti o n e d    at    2 8 4. 8 e  V.     R a  m a n    s p e ctr a     wer e    c a pt ur e d    usi n g    a
T h er  m o Fis h er    D X R 3   R a  m a n    mi cr os c o p e   wit h  a  5 3 2 n  m  l as er.   T o
ass ess  s urf ac e    m or p h ol o g y,  s c a n ni n g  el e ctr o n    mi cr os c o p y  ( S E  M)
w as  c o n d u ct e d  usi n g  a    Hit ac hi  S- 4 8 0 0  fi el d- e  missi o n    mi cr os c o p e
e q ui p p e d    wit h   a n   E  D  A X   e n er g y- dis p ersi v e   s p e ctr os c o p y   ( E  D S)
s yst e  m,  o p er ati n g at  3 k e  V a n d at o  mi c f orc e   mi cr os c o p y (  A F  M)   w as
c o n d u ct e d  usi n g  a  P ar k   X E  7 0   A F  M.   Cr oss-s e cti o n al  a n d  pl a n- vi e  w
s p e ci  m e ns    were   pr e p are d   f or   tr a ns  missi o n   el e ctr o n     mi cr os c o p y
( T E  M) t hr o u g h   m e c h a ni c al  gri n di n g,  p olis hi n g,  a n d  di  m pli n g  usi n g
a   G at a n    M o d el  6 5 6  di  m pl e  gri n d er.  S u bs e q u e nt   Ar-i o n    milli n g   w as
p erf or  m e d  i n  a    G at a n    M o d el  6 9 1  pre cisi o n  i o n  p olis hi n g  s yst e  m.
T he i ntri c at e   mi cr ostr u ct ure  of t h e fil  ms   w as e x pl ore d i n  d e pt h  usi n g
a   Hit ac hi   H- 9 5 0 0  hi g h-res ol uti o n (  H R) tra ns  missi o n  el e ctr o n   mi cr o-
s c o p e  o p er ati n g at  3 0 0 ke  V.   T he   mi cr os c o p e,   wit h a l atti c e res ol uti o n
of 0. 1 0 n  m,   w as e q ui p p e d   wit h a n  E  D  A X  E  D S s yst e  m.

III.   R  E S  U L T S   A  N  D   DI S  C  U S SI  O  N

T h e  s urf ac e    m or p h ol o g y  a n d  r o u g h n ess   of   ultr a-t hi n    G e S n
H TI L  a n d  S TI L    wer e  i n vesti g at e d  usi n g  S E  M  a n d    A F  M  i n  n o n-
c o nt act   m o d e   wit h  a  1 × 1 μ m 2 s c a n n e d  ar e a.  Fi g ur es  1( a)  a n d  1( c)
dis pl a y  a n  S E  M i  m a g e  a n d  a n   A F  M i  m a g e,  res p e cti vel y, ill ustr ati n g
t h e  s urf a c e    m or p h ol o g y  of  t h e  ultr a-t hi n    G e S n    H TI L.    T h e  S E  M
i  m a g e res e  m bl es t h e c h ar a ct eristi cs  of a r o c k  g ar d e n fl o or,   w hil e t h e
A F  M i  m a g e  re v e als  a  r o u g h isl a n d  str u ct ur e.   T h e  str u ct ur es i n t his
fil  m  h a v e  si z es  r a n gi n g  fr o  m  2 0  t o  1 5 0 n  m  i n  di a  m et er    wit h  a n
a ver a g e    m e a n  r o u g h n ess  ( R a)  of  3. 5 3 n  m.   Fi g ur es  1( b)   a n d   1( d)
s h o  w  si  mil ar   S E  M   a n d    A F  M  i  m a g es,  res p e cti v el y,   of  t h e    G e S n

S TI L,  r e ve ali n g  t h e  s urf a c e    m or p h ol o g y   of  t h e   ultr a-t hi n    G e S n
S TI L.   B ot h  S TI L  i  m a g es  e x hi bit  a  si g nifi c a ntl y  s  m o ot h er  s urf a c e
c o  m p ar e d t o t h e   H TI L,   wit h a   R a v al u e  of  0. 2 7 n  m.

We  i n vesti g at e d  t h e  s urf ac e  c o  m p ositi o n  of    G e S n    H TI L  a n d
S TI L  usi n g   X P S,  Fi g.  1(f ) .   T h e  S n  c o nt e nt  i n  t h e    H TI L  a n d  S TI L
fil  ms is ∼  6. 0 a n d  ∼  9. 5 at.   %, res p e cti v el y.

We als o e x a  mi n e d t h e   G e S n   H TI L a n d S TI L  usi n g   R a  m a n s pe c-
tr os c o p y, Fi g.  1( e) .   T h e   G e S n   H TI L  a n d  S TI L fil  ms  e x hi bit  a  p e a k  at
2 9 6. 0  a n d  2 9 1. 5 c  m −  1 ,  res p e cti vel y.   T he  S n  c o nt e nt  esti  m at e d  fr o  m
t h e   G e– G e  vi br ati o n   m o d e  p e a k  p ositi o n is   ∼  6. 5  % f or t h e   H TI L a n d
∼  1 2. 5  %  f or  t h e  S TI L  fil  ms  usi n g  t h e  c o  m p ositi o n al  d e p e n d e n c e  of
t h e   G e– G e   m o d e  p ositi o n i n   G e S n all o ys re p ort e d i n t h e lit er at ure. 1 6

Fi g ure  2( a)   s h o  ws  a  cr oss-s e cti o n al   T E  M  i  m a g e  of  t h e    G e S n
H TI L  fil  m  o n  Si  t a ke n    wit h  t h e  el e ctr o n  b e a  m  p ar all el  t o  t h e  Si
[ 1 1 0]  dire cti o n,  cl e arl y  r e ve ali n g  a  dis cr et e isl a n d-li ke    m or p h ol o g y
wit hi n t h e fil  m.   T h e  p e a k  h ei g ht  of t h e isl a n ds is  a b o ut  2 8 n  m,   wit h
t h e  b as e  of  t h e  isl a n ds  sit u at e d  o n  t h e  Si  s u bstr at e.    T h e  isl a n ds
e x hi bit  a l at er al  f ull-  wi dt h  at  h alf    m a xi  m u  m  ( F   W  H  M)  t h at  r a n g es
fr o  m  3 0  t o  1 0 0 n  m,   wit h  dist a n c es  b et  w e e n  isl a n ds  (t h e  t hi c k n ess
of   t h e   b o u n d ari es   b et  we e n   t h e  m)   r a n gi n g   fr o  m   4   t o   1 5 n  m.
S el e ct e d  ar e a  el e ctr o n  diffr acti o n  ( S  A E  D)  p att er n  st u di es  s h o  w t h at
t h e  disti n ct isl a n ds all s h ar e t h e s a  m e cr yst all o gr a p hi c  ori e nt ati o n.

Fi g ure   2( b)   s h o  ws   a n   S  A E  D   p att er n  t a k e n  fr o  m   a   r e gi o n
e n c o  m p assi n g    m ulti pl e  isl a n ds   wit hi n  t h e   G e S n    H TI L  fil  m  a n d  Si
pres e nti n g   a  cl e a n  s u p er p ositi o n   p att er n   of  [ 1 1 0]   Si   a n d  [ 1 1 0]
G e S n.    T his   o bs er v ati o n  i n di c at es   f or  m ati o n   of   hi g hl y   e pit a xi al
G e S n isl a n ds  o n  Si.   T h e   G e S n isl a n ds  h a v e  a n  ori e nt ati o n  r el ati o n-
s hi p  of ( 0 0 1) G e S n //( 0 0 1) Si, [ 1 0 0]G e S n //[ 1 0 0]Si , [ 0 1 0]G e S n //[ 0 1 0]Si ,  a n d
l atti c e    mis  m at c h es  of  5. 2  %  al o n g  t h e  i nt erf ac e  dire cti o n  a n d  4. 7  %
al o n g t h e  v erti c al  dir e cti o n,   wit h r es p e ct t o t h e  Si s u bstr at e.

T h e    G e S n  isl a n d    m or p h ol o g y  a n d   distri b uti o n  i n  t h e  fil  m
pl a n e    wer e  st u di e d  t hr o u g h  pl a n- vi e  w   T E  M.   Fi g ure  2( c)   s h o  ws  a
pl a n- vi e  w   T E  M i  m a g e  of   G e S n   H TI L/ Si  o bt ai n e d  b y  re  m o vi n g t h e
s u bstr at e  usi n g  i o n    milli n g,  d e  m o nstr ati n g  a  p att er n  c o  m p os e d  of
dist ort e d,  n o n-s p e cifi c  s h a p es.   T h e  bri g ht  b o u n d ari es  i n   Fi g.  2( c)
c orr es p o n d t o  ar e as   w h er e  Si fr o  m t h e  s u bstr at e is  pr es e nt   wit h o ut
t h e   pres e n c e   of     G e S n   str u ct ures,     w h er e as   t h e   d ar k   d o  m ai ns
e n cl os e d  b y t h e   w hit e  b o u n d ari es  ar e i n di c ati ve  of   G e S n str u ct ures,
c o nsist e nt   wit h t h e isl a n d f or  m ati o ns  s h o  w n i n  Fi g.  2( a) .   T h e  d ar k
d o  m ai ns  h a ve  a   wi dt h  r a n gi n g fr o  m  2 0 t o  1 0 0 n  m,   w hil e t h e   w hit e
b o u n d ari es   m e as ure  b et  we e n  1 0 a n d  2 0 n  m.  Fi g ur e  2( d)  s h o  ws  o n e-
q u art er  of  a n  S  A E  D  p att er n  e xtr act e d  fr o  m  a  pl a n- vi e  w  s a  m pl e  of
t h e    G e S n    H TI L/ Si  i nt erf a c e.  I n  t his  c as e,  t h e  el e ctr o n  b e a  m    w as
ali g n e d  p ar all el t o t h e [ 0 0 1]  a xis  of t h e  Si s u bstr at e.  Fi g ur e  2( d)  w as
t a k e n fr o  m  a re gi o n e n c o  m p assi n g   m a n y  d ar k  d o  m ai ns i n Fi g.  2( c) .
T h e  p att er n  dis pl a ys  a  cl e a n  a n d   well- d efi n e d  s u p er p ositi o n  of  t h e
[ 0 0 1]  Si  a n d [ 0 0 1]   G e S n  p att er ns s er vi n g as  a f urt h er str o n g i n di c a-
t or  of t h e  hi g hl y e pit a xi al  n at ure  of t h e   G e S n isl a n ds  o n t h e  Si s u b-
str at e.   T h e  l atti c e    mis  m at c h    m e as ure d  i n  t h e  S  A E  D  p att er n  fr o  m
t h e  pl a n- vi e  w  s a  m pl e  [Fi g.  2( d) ]  is  5. 2 0  %,  t h e  s a  m e  as  t h e  v al u e
m e as ur e d fr o  m t h e  cr oss-s e cti o n al   T E  M s a  m pl e [  Fi g.  2( b) ].   T h e  S n
c o nt e nt i n t h e   G e S n isl a n ds c a n  b e  a p pr o xi  m at el y  d et er  mi n e d t o  b e
7 at.   %  o bt ai n e d  b y  usi n g t h e f or  m ul a  x  ¼   (a e x p a G e )/(a S n a G e ),
w h er e   a e x p is t h e l atti c e  c o nst a nt   m e as ure d fr o  m t h e  S  A E  D  p att er n
a n d  a S n a n d  a G e c orr es p o n d t o t h e l atti c e  c o nst a nt  of  α - S n  a n d   G e,
r es p e cti vel y.  E  D S  a n al ysis,  p erf or  m e d  usi n g  a n  el e ctr o n  b e a  m   wit h
a  1 0 n  m  di a  m et er  pr o b e,  re v e als  t h at  t h e  c or e  ar e a   wit hi n  a  si n gl e

A  R TI  C L E    p u b s. ai p. o r g/ a v s/j v b
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isl a n d  [r ef er  t o  t h e  c or e l o c ati o n i n Fi g.  2( a) ]  e x hi bits  a  s o  m e  w h at
l o  wer  S n  c o nt e nt  of  7– 8 at.   %  [ as  s h o  w n  i n  t h e  t o p  s p e ctr u  m  i n
Fi g.  2( e) ]  c o  m p ar e d  t o  t h e  n e ar-s urf a c e  re gi o n  of  t h e isl a n d  [r ef er
t o t h e s urf a c e re gi o n l o c ati o n i n Fi g.  2( a) ],   w hi c h  h as  9– 1 0 at.   %  S n
[ as  d e pi ct e d i n t h e  b ott o  m s p e ctr u  m  of  Fi g.  2( e) ].

I n  Fi gs.  3( a)   a n d  3( b) ,  cr oss-s e cti o n al    H R T E  M  i  m a g es  of  t h e
G e S n    H TI L/ Si  i nt erf ac e  s h o  w  t h e  at o  mi c  str u ct ur e  of  t  w o  disti n ct
G e S n   isl a n d-li ke   str u ct ures     wit h   diff er e nt   si z es.     T h e   s  m all er,

p yr a  mi d-li k e   G e S n  str u ct ur e,    m e as uri n g  2 0 n  m i n  h ei g ht  a n d   wit h
a n  F   W  H  M  of  2 0 n  m,  pres e nts its elf  as  a  d ef e ct-fr e e str u ct ure  a b o v e
t h e  i nt erf a c e,  Fi g.  3( a) .    Wit hi n  t his  str u ct ur e,  t hr e e    misfit  disl o c a-
ti o ns  (i n di c at e d  b y  arr o  ws)  h a v e  f or  m e d  at  t h e  i nt erf a c e   wit h  t h e
s u bstr at e.     T h e   ar e as   o utsi d e   t h e   p yr a  mi d-li ke     G e S n   str u ct ur e
a p p e ar as  o p e n s p a c es, e x p osi n g t h e  Si s u bstr at e.   C o n v ers el y,   wit hi n
t h e l ar g er  hill-li k e str u ct ures, c h ar act eri z e d  b y a n  F   W  H  M e x c e e di n g
2 5 n  m, a f e  w  n a n ot  wi n str u ct ures   wer e  o bs er v e d [s e e  Fi g.  3( b) ].

FI G.  1.   ( a), ( c)  a n d ( b), ( d)  S E  M  a n d  A F  M i  m a g e s f or  H TI L  a n d  S TI L fil  m s, r e s p e cti v el y; ( e)  R a  m a n  s p e ctr a  of   G e S n  H TI L  a n d  S TI L  o n  Si  s u b str at e s, (f )  X P S  s ur v ey
s p e ctr u  m of   G e S n  S TI L fil  m.

A  R TI  C L E    p u b s. ai p. o r g/ a v s/j v b

J.  Vac.  S ci.  Te c h n ol.  B  4 2 ( 3)   M a y/ J u n  2 0 2 4;  d oi:  1 0. 1 1 1 6/ 6. 0 0 0 3 4 4 5 4 2,  0 3 4 0 0 1- 3
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Fi g ur e  3( c)  e x hi bits  a   m a g nifi e d   T E  M i  m a g e  e xtr act e d fr o  m  a
pl a n- vi e  w  s a  m pl e  of  t h e    G e S n    H TI L/ Si,    wit h  t h e  el e ctr o n  b e a  m
ali g n e d  p ar all el t o t h e  Si  [ 0 0 1]  a xis.   T his i  m a g e s h o  ws   well- d efi n e d,
t  w o- di  m e nsi o n al ( 2  D),   m o d ul at e d s u p erl atti c e  arr a n g e  m e nts   wit hi n
t h e   G e S n  d o  m ai n  re gi o ns,  r e  mi nis c e nt  of  t h e  p att er ns  o bs er v e d i n
H R T E  M i  m a g es i n  o ur  pre vi o us st u di es  of  e pit a xi al fil  ms. 1 7 – 1 9 T his
m o d ul ati o n  aris es  fr o  m  t h e  o verl a p  of    m at eri als    G e S n  a n d  Si  at
t h eir  i nt erf a c e.  I n   c o ntr ast,  t h e   b o u n d ar y   b a n ds,    w hi c h   h a ve   a
wi dt h  of  a p pr o xi  m at el y  1 0 n  m,  l a c k  t his    m o d ul at e d  str u ct ure  a n d
ar e ass o ci at e d   wit h   G e S n-fre e re gi o ns.

Fi g ur e  3( d)   e x hi bits  a n    H R T E  M  i  m a g e  of  a  pl a n- vi e  w    G e S n
H TI L/ Si   re v e ali n g   a   p eri o di c   arr a n g e  m e nt   of  fi n el y   distri b ut e d
s u p erl atti c es i n  t h e   G e S n/ Si  r e gi o n  a n d  Si l atti c es i n  t h e  b o u n d ar y
b a n d.   T h e  s p aci n g  of  t h e l atti c e  fri n g es,   w hi c h  c orres p o n ds  t o  t h e
m o d ul ati o n    w a vel e n gt h,    m e as ur es  a p pr o xi  m at el y  3 8   Å  al o n g  b ot h
t h e  [ 1 1 0]  a n d  [ 11 0]  dir e cti o ns.   T his  s p aci n g  si g nifi es  t h e  c o h er e nt

j oi ni n g  of t h e ( 1 1 0)  pl a n es  of   m ateri als   G e S n  a n d  Si  at t h e i nt er-
f a c e   e v er y   3 8   Å,   as   s c h e  m ati c all y  ill ustr at e d  i n   Fi g.   3( e) .    T o
a c c o  m  m o d at e   t h e     misfit   str ai n   b et  w e e n   t h e   t  w o     m at eri als,   a
misfit  disl o c ati o n e  m er g es e v er y   3 8   Å.   T h e  d e nsit y  of   misfit  disl o-
c ati o ns  at  t h e    H TI L/ Si  i nt erf a c e  is  ∼  6. 9 × 1 0 1 0 /  m  m2 .   T h e  l atti c e
s p a ci n g  of  t h e  ( 2 2 0)  pl a n e i n  Si    m e as ur es  1. 9 2   Å.   As  a  r es ult,  2 0
( 2 2 0)  pl a n es  of  Si  [ b ott o  m  l eft  i n  Fi g.  3( e) ]  ali g n   wit h  1 9  ( 2 2 0)
pl a n es  of    G e S n  [t o p  l eft  i n   Fi g.  3( e) ]  f or  mi n g  a  s u p erstr u ct ur e
wit h  a l atti c e  c o nst a nt   a s = 3 8   Å [ri g ht i n   Fi g.  3( e) ]. I n  g e n er al, i n
a  s u p erstr u ct ur e  at  t h e    G e S n/ Si  i nt erf a c e,   n    ( 2 2 0) G e S n of  t h e
fil  m    m at c h es  (n  þ   1)    ( 2 2 0) Si of  t h e  s u bstr at e,  a n d  t h e  l atti c e
c o nst a nt  ( a s)  of  t his  s u p erstr u ct ur e  c a n  b e  c al c ul at e d  usi n g  t h e

f or  m ul a  a s ¼   n * d G e S n
( 2 2 0) ¼   (n  þ   1)* d Si

( 2 2 0) .    T h e  l atti c e    mis  m at c h  (δ )

b et  w e e n   t h e   fil  m   a n d   t h e   s u bstr at e   c a n   b e   c al c ul at e d   usi n g
δ  ¼   (a G e S n a Si )/a Si ¼   ((a s/n )    (a s/n  þ   1))/ a s/(n  þ   1)  ¼   1/ n .   Si n c e
n  = 1 9   i n   t his    c ase,   t he   l attice     mis  m atc h    at   t he   i nterf ace   is
1/ 1 9  ¼   5 :2 6  %,  c orres p o n di n g  t o  a   Ge S n  str uct ure   wit h  a l attice  c o ns-
t a nt  of  5. 7 1 7   Å.  Esti  m ati o ns  usi n g  t he  f or  m ul a  i n  t he  e arlier  secti o n
i n dic ate a  S n c o nte nt  of a p pr o xi  m atel y  7 at.   %   wit hi n t he   Ge S n isl a n ds.

Fi g ure  4( a)   s h o  ws  a  cr oss-s e cti o n al   T E  M  i  m a g e  of  t h e    G e S n
S TI L fil  m  o n  Si.  I n t his i  m a g e, t h e   G e S n  S TI L  pres e nts  a  c o nti n u-
o us l a yer   wit h  a fl at  a n d s  m o ot h s urf a c e  a n d  a s h ar p i nt erf ac e   wit h
Si.   T h e   G e S n  S TI L  e x hi bits  a t hi c k n ess  of  1 0. 5 n  m.  Fi g ure  4( b)  pr e-
s e nts  a n  S  A E  D  p att er n  c a pt ur e d  fr o  m  t h e   G e S n  S TI L/ Si  i nt erf a c e
wit h  t h e  el e ctr o n  b e a  m  b ei n g  ali g n e d  p ar all el  t o  t h e  Si  [ 1 1 0]  a xis,
e x hi biti n g  a cl e a n  a n d   well- d efi n e d si n gl e  cr yst al  diffr acti o n  p att er n
s er vi n g  as  a  str o n g i n di c at or  of t h e  hi g hl y  e pit a xi al  n at ur e  of   G e S n
S TI L  o n  Si  s u bstr at es. I n t his  p att er n, t h e  s e p ar ati o n  of t h e  diffr ac-
ti o n  s p ots  fr o  m    G e S n  a n d  Si    w as   o bs er ve d  o n  ( 0  0  2l)  (  w h er e
l =  ±  1,  2,  3,   …   )  al o n g t h e  dir e cti o n  of fil  m  gr o  wt h,  as i n di c at e d  b y
t h e  arr o  w,  b ut  s u c h  s e p ar ati o n   w as  n ot  o bs er v e d  o n  t h e  ( 2h  2 h  0)
diffr acti o n  s p ots  (  w h ere   h  = ± 1,  2,  3,   …   )  al o n g  t h e i nt erf a c e.   T his
i n di c at es  t h at  t h e    G e S n  l atti c e  is  c o  m press e d  al o n g  t h e  i nt erf a c e
pl a n e t o  c o h ere ntl y j oi n   wit h t h at  of  Si   wit h o ut  a n y   mis  m at c h.   T h e
l atti c e    mis  m at c h  al o n g  t h e  gr o  wt h  dire cti o n  is  a b o ut  5. 8 5  %.  E  D S
a n al ysis  fr o  m    m ulti pl e l o c ati o ns  s h o  we d  t h at  t h e   G e S n  S TI L  h as  a
S n c o nt e nt  of  1 0 – 1 1 at.   %.

Fi g ures  4( c)   a n d   4( d)   e x hi bit  a   pl a n- vi e  w    T E  M  i  m a g e  a n d
o n e- q u art er  of  a  S  A E  D  p att er n  e xtr a ct e d  fr o  m  a  pl a n- vi e  w    G e S n
S TI L/ Si  i nt erf ac e   wit h  t h e  el e ctr o n  b e a  m  p ar all el  t o  t h e  [ 0 0 1]  Si.
T h e   G e S n  S TI L e x hi bits  a c o nti n u o us   m or p h ol o g y  o ver t h e  2  D fil  m
pl a n e.   T h e  S  A E  D  p att er n  s h o  w c as es  a  cl e a n  si n gl e  cr yst al  diffr ac-
ti o n  p att er n   wit h o ut  a n y  s plitti n g  of  diffr acti o n  s p ots.  Fi g ur e  4( e)
s h o  ws  a cr oss-s e cti o n al   H R T E  M i  m a g e  pres e nti n g  a n  at o  mi c str u c-
t ure  of  t h e    G e S n  S TI L/ Si  i nt erf a c e.    Misfit  disl o c ati o ns   wer e  r ar el y
o bs er v e d  at  t h e  i nt erf a c e.    H o  we ver,   n a n ot  wi ns  or  st ac ki n g  f a ults
i niti ati n g  at  a  h ei g ht  of ∼  2 n  m  a b o v e  t h e i nt erf a c e   wer e fr e q u e ntl y
o bs er v e d,  as  d e n ot e d  b y  arr o  ws i n  Fi g.  4( e) . Fi g ur e  4(f )  e x hi bits  a
pl a n- vi e  w   H R T E  M i  m a g e  of t h e   G e S n  S TI L/ Si t a k e n   wit h t h e  el e c-
tr o n  b e a  m  ali g n e d  p ar all el t o t h e  Si  [ 0 0 1]  a xis.   T his i  m a g e  pres e nts
a  p att er n  si  mil ar  t o  t h at  of  [ 0 0 1]  Si i n   H R T E  M,   wit h o ut  t h e  pres-
e n c e  of  2  D   m o d ul at e d s u p erl atti c e arr a n g e  m e nts.

It  c a n  b e s e e n fr o  m t h e  a b o ve res ults t h at t h e   G e S n t hi n l a yers
o n  ( 0 0 1)  Si  d e p osit e d  at  4 5 7  a n d  3 1 3 °  C  e n c o  m p ass  disti n ct  fil  m
m or p h ol o gi es  a n d  c o  m p ositi o n.   T h e   G e S n  S TI L  s a  m pl e,  d e p osit e d
at   a  l o  wer   t e  m p er at ure,   c o nsists   of   a   c o nti n u o us   1 0 n  m   t hi c k

FI G.  2.   ( a)  X T E  M i  m a g e  a n d ( b)  S A E D  p att er n  of   G e S n  H TI L fil  m  o n  Si  s u b-
str at e s, ( c), ( d)  pl a n- vi e w  T E  M i  m a g e  a n d  o n e- q u art er  of  a  S A E D  p att er n  of t h e
G e S n  H TI L  fil  m  o n  Si.  ( e)  E D S  s p e ctr a  fr o  m  t h e  c or e  a n d  t h e  n e ar- s urf ac e
r e gi o n s a s  d e pi ct e d i n ( a).  S p ot “M  ” i n ( d) i s u s e d f or l atti c e   mi sfit d et er  mi n ati o n.

A  R TI  C L E    p u b s. ai p. o r g/ a v s/j v b
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FI G.  3.   ( a)  a n d  ( b)  Cr o s s- s e cti o n al  H R T E  M  i  m a g e s  of    G e S n  H TI L  fil  m  o n  Si.  ( c)  Pl a n- vi e w  T E  M  i  m a g e  a n d  ( d)  pl a n- vi e w  H R T E  M  i  m a g e  of  t h e    G e S n  H TI L/ Si.
( e) Ill u str ati o n of t h e f or  m ati o n of  2 D s u p erl atti c e  at t h e   G e S n/ Si i nt erf ac e.  Arr o w s i n ( a)  d e n ot e t h e l o c ati o n s  of   mi sfit di sl o c ati o n s.

A  R TI  C L E    p u b s. ai p. o r g/ a v s/j v b

J.  Vac.  S ci.  Te c h n ol.  B  4 2 ( 3)   M a y/ J u n  2 0 2 4;  d oi:  1 0. 1 1 1 6/ 6. 0 0 0 3 4 4 5 4 2,  0 3 4 0 0 1- 5
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e pil a yer    wit h  1 0  % – 1 1  %  S n  c o nt e nt.  I n  c o ntr ast,  t h e    G e S n    H TI L,
d e p osit e d  at  a  hi g h er  t e  m p er at ure,  e x hi bits  a  dis cret e  isl a n d    m or-
p h ol o g y    wit h   a  l o  wer   S n   c o nt e nt.    T h es e   v ari ati o ns   ar e    m ai nl y
c a us e d  b y t h e  diff er e n c e i n  at o  mi c   m o bilit y  o n t h e s urf a c e  at  diff er-
e nt  d e p ositi o n t e  m p er at ures.   At  a l o w er t e  m p er at ure, re d u c e d  at o  m
m o bilit y li  mits t h e   mi gr ati o n  of   G e  a n d  S n  a d at o  ms  o n t h e s urf a c e,
p ossi bl y  l e a di n g  t o  a  l a yer- b y-l a yer  gr o  wt h    m e c h a nis  m  f or    G e S n.
T his  pr o c ess r et ai ns  S n a d at o  ms, res ulti n g i n a  hi g h er  S n c o nt e nt i n
t h e fil  m.  I n t his  c as e, t h e   G e S n l atti c e is  c o  m press e d  t o  c o h ere ntl y
j oi n t h at  of  Si i n t h e fil  m  pl a n e, f orci n g t h e l atti c e t o  e x p a n d  al o n g
t h e   gr o  wt h   dire cti o n  a n d  r es ulti n g  i n  a  l ar g er  l atti c e    mis  m at c h
b et  we e n    G e S n  a n d  Si.    T h e  l atti c e    misfit  str ai n  al o n g  t h e  gr o  wt h
dire cti o n  ac c u  m ul at es  d uri n g t h e  gr o  wt h  of t h e fil  m  a n d is  reli e v e d
b y  t h e  f or  m ati o n  of  n a n ot  wi ns  a n d  st ac ki n g  f a ults.   T h e  S TI L  dis-
pl a ys  a  s  m o ot h  s urf a c e,   m a ki n g it  a  p ot e nti al t e  m pl at e f or  gr o  wi n g
m ultil a yer  or   m ulti- q u a nt u  m   well str u ct ures.

F or t h e   G e S n fil  m  gr o  w n  at  a  hi g h er t e  m p er at ure, t h e   m o bilit y
of  t h e    G e  a n d  S n  a d at o  ms  is  e n h a n c e d.   T h e  gr o  wt h  of  t h e    G e S n
fil  m  c o ul d  pr o c e e d  ac c or di n g t o t h e f oll o  wi n g  s c e n ari o.   T h e i niti al
f e  w    m o n ol a yers  of    G e S n  gr o  wt h  f oll o w  a  2  D  n u cl e ati o n  pr o c ess,
res ulti n g i n t h e f or  m ati o n  of  2  D  pl at es  o n t h e  s urf a c e  of t h e  ( 0 0 1)
Si  s u bstr at e.   T h e  l atti c e    misfit  str ai n  b et  we e n   G e S n  a n d  Si  c a n  b e
rel a x e d t hr o u g h t h e f or  m ati o n  of   misfit  disl o c ati o ns  at t h e i nt erf a c e

r es ulti n g  i n  a  n o n u nif or  m  stress  distri b uti o n  acr oss  t h e  2  D    G e S n
pl at es.   T h e  e d g e  re gi o ns  of  t h e  2  D  pl at es  e x p eri e n c e  hi g h l e vels  of
stress,   w hil e  t h e  t o p  s urf a c es  of  t h e  2  D  pl at es  e x hi bit l o  wer  stress.
Wit h f urt h er  gr o  wt h, t h e  a d at o  ms  o n t h e fil  m s urf a c e   will  b e tr a ns-
p ort e d   fr o  m   t h e   stress e d   re gi o ns   t o   t h e   l ess   str ess e d   r e gi o ns
t hr o u g h  a  s urf a c e  diff usi o n  pr o c ess.    As  a  r es ult,  isl a n d-li ke  str u c-
t ures  ar e f or  m e d,  as  s h o  w n i n Fi g.  2( a)  wit h  a  h e  mis p h eri c al  s h a p e
t o   mi ni  mi z e  s urf a c e  e n er g y.  E n h a n c e d  at o  m   m o bilit y  c o ul d l e a d t o
t h e  si  m ult a n e o us  o ut  w ar d  diff usi o n  of  S n  at o  ms  fr o  m  t h e  stress e d
i n n er  re gi o n  t o  t h e l ess  stress e d  s urf ac e.   T h e  s urf ac e  re gi o n  of  t h e
G e S n isl a n ds   w o ul d t h e n  c o nt ai n  hi g h er  S n  c o nt e nt t h a n t h e i nt e-
ri or  of t h e  cr yst al.   T his  s e e  ms t o  b e i n  g e n er al  a gr e e  m e nt   wit h t h e
r es ults  o bt ai n e d t hr o u g h   X P S  a n d  E  D S a n al ysis ( T a bl e I ).

F urt h er  m ore,  i n  t h e  c as e   of  s  m all er    G e S n  isl a n ds    wit h   a n
F   W  H  M  l ess  t h a n  2 0 n  m,  t h e  stress  g e n er at e d   wit hi n  t h e  str u ct ur e
d uri n g  gr o  wt h  c a n  e asil y  tr a vel  t o w ar d  t h e  s urf a c e,  r es ulti n g  i n  a
d ef e ct-fr e e  str u ct ur e.   C o n vers el y, i n l ar g er isl a n ds   wit h  a n  F   W  H  M
e x c e e di n g  2 5 n  m, t h e stress  pr o p a g ati o n  p at h is i ns uffi ci e nt t o r e ac h
t h e  s urf ac e, l e a di n g t o t h e f or  m ati o n  of  n a n ot  wi ns  a n d/ or  st ac ki n g
f a ults   wit hi n t h e str u ct ure. It  a p p e ars t h at t h e f or  m ati o n  of  a  hi g h-
t e  m p er at ure  i niti al  l a yer    wit h  isl a n d-li ke    m or p h ol o g y   off ers   a n
eff e cti v e    m e a ns  t o   ac c o  m  m o d at e  t h e  l atti c e    misfit  str ai n   at  t h e
G e S n/ Si  i nt erf a c e,   t h er e b y   si g nifi c a ntl y   re d u ci n g   r esi d u al   str ai n

FI G.  4.   ( a)  Cr o s s- s e cti o n al  T E  M i  m a g e  a n d ( b)  S A E D  p att er n  of   G e S n  S TI L fil  m  o n  Si s u b str at e s, ( c)  pl a n- vi e w  T E  M i  m a g e,  a n d ( d)  o n e- q u art er of  a  S A E D  p att er n  of t h e
G e S n  S TI L fil  m o n  Si. ( e)  Cr o s s- s e cti o n al  H R T E  M i  m a g e a n d (f )  pl a n- vi e w  H R T E  M i  m a g e of   G e S n  S TI L/ Si.

A  R TI  C L E    p u b s. ai p. o r g/ a v s/j v b

J.  Vac.  S ci.  Te c h n ol.  B  4 2 ( 3)   M a y/ J u n  2 0 2 4;  d oi:  1 0. 1 1 1 6/ 6. 0 0 0 3 4 4 5 4 2,  0 3 4 0 0 1- 6
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wit hi n  t h e    G e S n   e pil a yer.    T his  is   e x p e ct e d  t o   c o nf er  f a v or a bl e
a d v a nt a g es  f or  t h e   pr o d u cti o n   of  t hi c k er,   hi g h- q u alit y  e pit a xi al
G e S n t hi n fil  ms.

I  V.   S  U   M   M  A  R Y   A  N  D   C  O  N  C L  U SI  O  N S

Ultr a-t hi n    G e S n    H TI L  a n d  S TI L  d e p osit e d  o n  ( 0 0 1)  Si  s u b-
str at es  usi n g   R P E  C  V  D  pr o d u c e e pit a xi al str u ct ures.   T h e   G e S n  S TI L
h as  a  t hi c k n ess  of   ∼  1 0 n  m,  c o nsisti n g  of  a  c o nti n u o us  e pit a xi al
l a yer   wit h its l atti c es  b ei n g  c o  m press e d  al o n g t h e i nt erf ac e  pl a n e t o
c o h ere ntl y    m at c h  Si.    Mis  m at c h  disl o c ati o ns   were  r ar el y  f or  m e d  at
t h e  i nt erf ac e  b ut  n a n ot  wi ns  or  st ac ki n g  f a ults  i niti at e d   wit hi n  t h e
str u ct ur e, a b o ve t h e i nt erf a c e.   T h e   G e S n   H TI L fil  m e x hi bits  dis cret e
e pit a xi al isl a n d    m or p h ol o g y   wit h  a  p e a k  h ei g ht  of  ∼  3 0 n  m  a n d  a n
F   W  H  M  r a n gi n g  fr o  m  2 0  t o  1 0 0 n  m.    Misfit  disl o c ati o ns  b et  w e e n
t h e  isl a n ds   a n d  t h e  ( 0 0 1)   Si  s u bstr at e  f or  m e d  t  w o- di  m e nsi o n al
m o d ul at e d   s u p erl atti c e   str u ct ures   at   t h e   i nt erf ac e   pl a n e.    G e S n
isl a n ds   wit h  a n  F   W  H  M s  m all er t h a n  2 0 n  m  ar e  d ef e ct fr e e   w h ere as
t h os e  b e y o n d  2 5 n  m  c o nt ai n  n a n ot  wi ns  a n d/ or  st ac ki n g f a ults.   T h e
f or  m ati o n  of  a  hi g h-t e  m p er at ure i niti al l a yer   wit h isl a n d-li ke    m or-
p h ol o g y  off ers  a n  eff e cti ve   m e a ns t o  ac c o  m  m o d at e t h e l atti c e   misfit
str ai n  at t h e i nt erf ac e, t h er e b y si g nifi c a ntl y  re d u ci n g  resi d u al  str ai n
wit hi n t h e   G e S n e pil a y er a n d is e x p e ct e d t o c o nf er f a v or a bl e a d v a n-
t a g es f or t h e  pr o d u cti o n  of t hi c k er,  hi g h- q u alit y e pit a xi al   G e S n t hi n
fil  ms  dir e ctl y  o n ( 0 0 1)  Si s u bstr at es.

A C  K  N  O   W L  E  D  G   M  E  N T S

T his   w or k   w as  s u p p ort e d  b y  t h e    U. S.   Air  F or c e  (  A w ar d    N o.
F  A 8 6 5 0- 2 0- 2- 5 8 5 3/ S u b a  w ar d      N o.     S P  C- 1 0 0 0 0 0 6 7 8 1|  G R 1 2 8 6 6 5),
A F  O S R  L RI R  1 9 R Y  C  O R 0 3 2  (  G.  P o  mr e n ke  a n d    W.    Mill er),  a n d  b y
t h e   U. S.   N ati o n al  S ci e n c e  F o u n d ati o n  u n d er   A w ar d   N o.   N S F/  D  M R
2 1 2 2 1 2 8.

A  U T  H  O  R   D  E  C L  A  R  A TI  O  N S

C o  nfli c t   of I  n t er e st

T h e a ut h ors  h a ve  n o c o nfli cts t o  dis cl os e.

A u t  h or   C o  n tri  b u ti o  n s

Ji e c h a o  Ji a n g:  C o n c e pt u ali z ati o n  ( e q u al );    D at a  c ur ati o n  ( e q u al );
F or  m al  a n al ysis  ( e q u al );  F u n di n g  ac q uisiti o n  ( e q u al);  I n vesti g ati o n
( e q u al );     M et h o d ol o g y   ( e q u al );    Pr oj e ct   a d  mi nistr ati o n   ( e q u al );
Res o ur c es    ( e q u al);    S u p er visi o n    ( e q u al);      V ali d ati o n    ( e q u al );
Vis u ali z ati o n  ( e q u al);    Writi n g   –   ori gi n al  dr aft  ( e q u al );    Writi n g   –
r e vi e  w      &     e diti n g     ( e q u al).    N o ns o      M arti n      C h et u y a:
C o n c e pt u ali z ati o n  ( e q u al);    D at a  c ur ati o n  ( e q u al);  F or  m al  a n al ysis
( e q u al );  I n vesti g ati o n  ( e q u al);    M et h o d ol o g y  ( e q u al);    Vis u ali z ati o n
( e q u al );     Writi n g   –   ori gi n al   dr aft   ( e q u al);     Writi n g   –   re vi e  w    &
e diti n g  ( e q u al).   Efst at hi os  I.    M el etis:   C o n c e pt u ali z ati o n  ( e q u al );
F or  m al  a n al ysis  ( e q u al );  F u n di n g  ac q uisiti o n  ( e q u al);  I n vesti g ati o n
( e q u al );     M et h o d ol o g y   ( e q u al );    Pr oj e ct   a d  mi nistr ati o n   ( e q u al );
Res o urc es  ( e q u al);  S u p er visi o n  ( e q u al);   Vali d ati o n  (e q u al);    Writi n g  –
ori gi n al    draft    (e q u al);      Writi n g    –    re vi e w      &    e diti n g    ( e q u al).
J os e p h    H.    N g ai:  C o n c e pt u ali z ati o n  (e q u al);  F or  m al  a n al ysis  ( e q u al);
F u n di n g   ac q uisiti o n   ( e q u al);   I n vesti g ati o n   (e q u al);     M et h o d ol o g y
( e q u al);  Pr oject  a d  mi nistr ati o n (e q u al);   Res o urces ( e q u al);  S u p er visi o n
( e q u al);     Vis u aliz ati o n   (e q u al);     Writi n g   –    ori gi n al   dr aft   (e q u al);
Writi n g    –    re vie w     &    e diti n g   (e q u al).    G or d o n   J.     Gr z y b o ws ki:
C o nce pt u aliz ati o n (e q u al);  F or  m al a n al ysis (e q u al);  F u n di n g ac q uisiti o n
(e q u al); I n vesti g ati o n (e q u al);   Met h o d ol o g y (e q u al);  Pr oject a d  mi nistra-
ti o n   (e q u al);   Res o urces   (e q u al);   S u per visi o n   (e q u al);    Vis u aliz ati o n
(e q u al);    Writi n g  –  ori gi n al  draft  (e q u al);    Writi n g  –  re vie w    &  e diti n g
(e q u al).   Br uc e    Cl afli n:    C o nc e pt u aliz ati o n   (e q u al);   F or  m al   a n al ysis
(e q u al);     F u n di n g     ac q uisiti o n     (e q u al);     I n vesti g ati o n     (e q u al);
Met h o d ol o g y    (e q u al);    Pr oject    a d  mi nistrati o n    (e q u al);    Res o urces
(e q u al);  S u per visi o n  (e q u al);   Vali d ati o n  (e q u al);   Vis u aliz ati o n  (e q u al);
Writi n g    –  ori gi n al  draft (e q u al);    Writi n g  –  re vie w   & e diti n g (e q u al).

D  A T  A   A V  AI L  A  BI LI T Y

T h e  d at a  t h at  s u p p ort  t h e  fi n di n gs  of  t his  st u d y  ar e  a v ail a bl e
wit hi n t h e arti cl e.

R  E F  E  R  E  N  C  E S

1 J.     M at h e  ws,    R.    T.   B e el er,   J.    T oll e,    C.    X u,    R.    R o u c k a,   J.    K o u v et a kis,   a n d

J.   M e n é n d e z, A p pl.  P h ys.  L ett.   9 7 ,  2 2 1 9 1 2 ( 2 0 1 0).
2 S.    G u pt a,   B.    M a g y ari-  K ö p e,    Y.    Nis hi,  a n d    K.  S ar as  w at,   J.    A p pl.   P h ys.  1 1 3 ,

0 7 3 7 0 7 ( 2 0 1 3).
3 S.    Wirt hs  et  al., N at.  P h ot o ni cs   9 ,  8 8 ( 2 0 1 5).
4 S.     Z ai  m a,     O.     N a k ats u k a,     N.     T a o k a,     M.     K ur os a  w a,      W.     T a k e u c hi,    a n d

M.  S a k as hit a,    S ci.   Te c h n ol.   A d v.   M at er.  1 6 ,  0 4 3 5 0 2 ( 2 0 1 5).
5 J.   C hr éti e n et  al. , A C S  P h ot o ni cs   6 ,  2 4 6 2 ( 2 0 1 9).
6 Y.   Z h o u   et  al., A C S  P h ot o ni cs   6 ,  1 4 3 4 ( 2 0 1 9).
7 Y.   Z h o u   et  al., O pti c a   7 ,  9 2 4 ( 2 0 2 0).
8 R.   Ol esi ns ki  a n d   G.   A b b as c hi a n,   B ull.   All o y  P h as e   Di a gr a  ms  5 ,  2 6 5 ( 1 9 8 4).
9 G.   Gr z y b o  ws ki,   M.  E.    W ar e,   A.   Ki ef er,  a n d  B.   Cl afli n,   J.   V ac.  S ci.   Te c h n ol.  B 3 8 ,

0 6 2 2 0 9 ( 2 0 2 0).
1 0 B.   Cl afli n,   G.  J.   Gr z y b o  ws ki,    M.  E.    W are,  S.   Z oll n er,  a n d   A.    M.   Ki ef er,   Fr o nt.

M at er.    7 ,  4 4 ( 2 0 2 0).
1 1 S.   Ass ali, J.   Ni c ol as,  a n d   O.   M o ut a n a b bir,  J.   A p pl.  P h ys. 1 2 5 ,  0 2 5 3 0 4 ( 2 0 1 9).
1 2 W.   D o u    et  al. , S ci.   R e p.  8 ,  5 6 4 0 ( 2 0 1 8).

T A B L E  I.   C o  m p ari s o n  of  fil  m    m or p h ol o g y  a n d  d ef e ct s,  i nt erf ac e  str u ct ur e,  l atti c e
mi s  m at c h,  R a  m a n  p e a k  p o siti o n,  a n d  S n  c o nt e nt  o bt ai n e d  b y  diff er e nt   m et h o d s i n
G e S n  H TI L  a n d  S TI L fil  m s.

H TI L  at  4 5 7 °  C     S TI L  at  3 1 3 °  C

Fil  m   m or p h ol o g y     Is ol at e d  e pit a xi al isl a n ds      C o nti n u o us
e pil a yer

D ef e cts i n fil  m      N o  d ef e ct i n s  m all er
isl a n ds,  n a n ot  wi ns/

st ac ki n g f a ults i n l ar g er
isl a n ds

N a n ot  wi ns/st ac ki n g
f a ults  a b o v e t h e

i nt erf ac e

I nt erf a c e Misfit  disl o c ati o ns      N o   misfit
disl o c ati o ns

L atti c e   mis  m at c h     5. 2  % (i nt erf a c e  pl a n e)
4. 7  % ( gr o  wt h  dir e cti o n)

0 (i nt erf a c e  pl a n e)
5. 8  % ( gr o  wt h

dir e cti o n)
R a  m a n  p e a k
p ositi o n

2 9 6 c  m −  1 2 9 1. 5 c  m −  1

S n
c o nt e nt

X P S     6. 0 at.   % 9. 5 at.   %
R a  m a n     6. 5 at.   % 1 2. 5 at.   %
E  D S     7 – 8 at.   % ( c or e)     1 0 – 1 1 at.   %

9 – 1 0 at.   % ( n e ar-s urf a c e)

A  R TI  C L E    p u b s. ai p. o r g/ a v s/j v b

J.  Vac.  S ci.  Te c h n ol.  B  4 2 ( 3)   M a y/ J u n  2 0 2 4;  d oi:  1 0. 1 1 1 6/ 6. 0 0 0 3 4 4 5 4 2,  0 3 4 0 0 1- 7
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