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Abstract 

The Ge growth mode on a SK001) substrate was examined by scanning tunnehng microscopy (STM) on the atomic 
scale Germanium overlayers on S1 substrates exhibited the Stranskl-Krastanov growth mode, where the deposited 
films grew layer-by-layer up to a few ML, followed by the several types of the three-dimensional islands with 
dlstmcnve facets The phase diagram of the Ge growth was constructed for the Ge coverages from less than 1 ML up 
to 8 ML at the growth temperatures of 300, 400 and 500°C, examining the STM images Furthermore, annealing 
effects for the Ge overlayer were also studmd to clarify the stabd~ty of the islands 

1. Introduct ion 

Hetero-epltaxaally grown films have much po- 
tentials to achteve innovative functions for opto- 
electronic devices A S1-Ge superlattlce structure 
is one of the most attractive candidates However, 
it poses problems of the non-abruptness and the 
intermixing at the interface, which modify the 
band structure [1] The strain Induced by a 4 2% 
lattice mismatch between S1 and Ge makes the 
growth mode complicated, and the Ge-covered 
surfaces become rough, causing the non-abrupt- 
ness of the superlattlce Up to date, various kinds 
of structure-analytical techniques, such as low-en- 
ergy electron diffraction (LEED) [2], Auger elec- 
tron spectroscopy (AES) [2], reflection high-en- 
ergy electron diffraction (RHEED)  [3,4], X-ray 
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diffraction [5], transmission electron microscopy 
(TEM) [6], reflection electron microscopy (REM) 
[7] and scanning tunneling microscopy (STM) [8- 
14] have been utilized to reveal the growth mode 
of Ge overlayers on S1 substrates The studies 
classified the growth of Ge films on SI into the 
Stranskl-Krastanov mode, in which the overlayer 
grows layer-by-layer up to several monolayers, 
followed by the formation of three-dimensional 
islands at higher coverages However, the de- 
tailed structure of the overlayers and the transi- 
tion mechanism from the layered growth to the 
3D growth are not clear yet In some cases, the 
transmon is not a simple process, and may com- 
prise of several growth stages, including an inter- 
mediate phase For example, Mo et al speculated 
that the Ge hut cluster with four {015} facets was 
an intermediate phase from the layered growth 
into the formation of macroscopic clusters with 
complicated facets [8] But the change of the 
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a b 
Fig 1 STM images of the Ge overlayers grown layer-by-layer The growth temperature was 500°C Scanning area 960 ~, × 910 ,~ 
(a) Belt-hke structure The deposited amount of Ge was 2 ML (b) Patch-like structure The deposited amount of Ge was 4 ML 

Fig 2 STM image of hut clusters with the {015} facets of Ge on Sl(001) The deposited amount of Ge was 5 ML and the growth 
temperature was 500°C The patch structures surrounded by m~sslng-dlmer rows are seen between the hut clusters Scanning area 
720 ,~ × 680 ,& 
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growth m o d e  f rom the hut clusters into the 

macroscopic  clusters with compl ica ted  facets  on 

SI(00I) has not  been  shown into part iculars  In- 

ves t igat ion of  the growth phase  of  the Ge  overlay- 

ers at var ious a e  coverages  and growth t empera -  

tures  is indispensable  to charac te r ize  the growth 

m o d e  and clarify the growth mechan i sm This 

pape r  will repor t  the surface topography  of  the 

Ge  overlayers  grown on SI(001) substrates  up to 

about  8 M L  at the growth t em pe ra tu r e s  of  300, 

400 and 500°C observed  by the STM, and also 

focus on the morpho logy  of  the Ge  clusters grown 

th ree-d imens iona l ly  on the substrates  

Fig 3 STM image of a dome cluster grown by the deposmon 
of 65 ML at 500°C The cluster seems symmetric and has 
several facet types Scanning area 500 A × 500 ~, 

2. Experimental 

The  exper iments  were  carr ted out in an ultra- 

high vacuum cham ber  with a base pressure  of  

6 × 10 - l l  Tor r  with an S T M  and a Ge  deposi t ion  

source [15] Rec t angu la r  pieces cut f rom an n-type 

Sl(00l)  wafer  with a reslsnvlty of  0 01 f~ cm were  

a b 
Fig 4 STM Image of the nuclei of macroscopic clusters (a) The deposited amount of Ge was 5 ML and the growth temperature 
was 400°C The hut clusters whmh covered the whole surface are found between the macroscopic clusters Scanning area 2400 

× 2300 ~, (b) Enlarged STM image of the cluster The cluster has 4 facets, the radices are possibly {113} Scanning area 720 
× 68o 
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used as substrate for Ge deposition The sub- 
strate was chemically cleaned by the Shirakl 
method [16], then introduced into the STM vac- 
uum chamber,  and outgassed at a heat stage in 
the chamber  by resistively heatmg at 500-700°C 
After  flashing the substrates at about 1200°C for 
about 15 s, the substrate tempera ture  was gradu- 
ally cooled and held at 500, 400 or 300°C, then 
Ge atoms were deposited by heating Ge rods 
wounded with a tungs ten- rhenium filament The 
deposition rate and the amount  were monitored 
with a quartz thickness monitor  The typical de- 
position rate was 1-5 M L / m l n  After  the deposi- 
tion, the sample was immediately cooled to room 
tempera ture  and transferred to the STM sample 
stage to observe the surface topography by the 
STM The sample deposited by an amount  of 5 
ML at 400°C was annealed at 500°C for 5 mln 
after the STM observation, and imaged again by 
the STM to examine the stablhty of the grown Ge 
clusters The tmages were depicted at a tip volt- 

age of 2 0 V and tunneling currents of 0 2 to 1 
nA 

3. Results and discussion 

The Ge overlayers on SI(001) grow layer-by- 
layer at less than several ML At Ge coverages 
less than 1 ML the deposited Ge atoms dlmerlze 
on the St(001) surface and form chain-like rows 
showing a c(4 × 2) and a p(2 × 2) reconstruction 
[10] In spite of the 4 2% lattice mismatch be- 
tween Ge and S1, there is no distinctive differ- 
ence from the St homoepltaxlal growth except the 
strong buckling However, at the coverage higher 
than 1 ML, the missing dlmer rows are intro- 
duced, exhibiting belt or patch structures to re- 
lease the strain piled up along the dlmer row Fig 
la  shows the Ge-layered growth with belt struc- 
tures at 2 ML at 500°C, the step and the two-di- 
mensional islands are seen partially The dark 

F~g 5 STM Image of the fused hut clusters The deposited amount of Ge was 8 ML and the growth temperature  was 300°C The 
dlmer rows on the (001) surface can be observed on the top Scanning area 720 A × 680 
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lines of the missing dlmer rows run with spacmgs 
of 8-11 times the lattice constant At the higher 
coverage of 4 ML the overlayer exhibits patch 
structures surrounded by mlsstng-dlmer rows and 
trenches, whtch cross at a right angle owing to the 
90 ° rotation of the dlmer rows on the single- 
atomic overlayer, see Fig lb 

Fig 2 shows the hut clusters wtth 4 facets of 
the (015) planes grown 5 ML at 500°C The plane 
indices were determined by measuring the slope 
angles to the substrate and the ortentation of the 
prmclpal axes The STM image exhibits the regu- 
lar zigzag patterns with a 2 × 1 reconstruction on 
the {015) and the dlmer rows on the top (001) 
surface of the hut clusters [8-14] The patch 
structures are also seen in flat spaces between the 
clusters 

When almost the whole surface is covered with 
the hut clusters by the increased amount of Ge 
deposition, other cluster types larger than the hut 
clusters are found Fig 3 shows a dome cluster on 
the Ge overlayer grown with 6 5 ML deposttton 
at 500°C It looks four-fold symmetric, and the 
surface seems to be composed of the (001), (015) 
and {113} facets, estimated from the slope angles 
and the orientations The hut clusters do not 
seem to grow larger because the contact of the 
clusters on the base plane impedes further growth 
Thus, the growth mode changes from the hut 
cluster to the dome cluster On the other hand, at 
the growth temperature of 400°C the macroscopic 
clusters with 4 facets of the (113) planes grow at 
coverages higher than 5 ML, see Fig 4 [8] The 
symmetrical axis of the macroscopic cluster is 
rotated 45 ° with respect to that of the hut clus- 
ters Several hut clusters coalesce with the neigh- 
bors rotatmg the boundaries 45 ° They are possi- 
bly the nuclei of the macroscopic clusters 

At the growth temperature of 300°C, at the 
high coverage of 8 ML, the hut clusters coalesce 
with each other and fuse to form a rugged surface 
after the whole surface is covered with the clus- 
ters, see Fig 5 The regular zigzag patterns on 
the {015} facets and the dlmer rows on the top 
still remain, and there are no other facets, even 
at the thick coverage At the low temperature of 
300°C the {015} facets in the stramed region close 
to the Gc-S1 interface are stable compared with 
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Fig 6 Phase diagram of the Ge growth mode on the Sff001) 
substrate at 300, 400 and 500°C It is constructed from the 
STM ~mages obtamed m this study The dashed hnes roughly 
indicate the coexlstmg range of two phases at both sides of 
the lines 

the {113} facets of the macroscopic clusters Since 
the {015} consists of two-dlmer rows on the small 
(001) terraces and single-atomic height steps, the 
strain piled up along the dlmer row is easily 
released at the step edges [14] At higher temper- 
atures the {113} facets of the macroscopic clusters 
are energencally favorable The strain may par- 
tially relax inside or under the clusters because 
the facets m the top region of large macroscopic 
clusters are far away from the mterface where the 
strain seems concentrated 

The detailed growth mode with the transition 
from 2D- to 3D-islands formation depends on the 
growth temperature, as stated above Fig 6 shows 
the phase diagram of the Ge growth mode on the 
Si(001) substrates, which summarizes this study 
The morphology of the Ge clusters changes dras- 
tically after the formatton of the hut clusters The 
critical thickness of Ge from two-dimensional to 
three-dimensional growth, that ~s from the patch 
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Fig 7 (a) STM image after the annealing of the sample shown m Fig 4 at 500°C for 5 mm Other types of macroscopic clusters 
with complicated facets grew The hut clusters disappeared and the patch structure appeared again between the macroscopic 
clusters Scanmng area 2400 ,~ x 2300 ,~ (b) Image of the foot of the cluster The zigzag patterns on the {015} surface are clearly 
recogmzed Scanning area 240 A × 200 A (c) Enlarged image of a half of the cluster Scanmng area 710 ,~ × 450 ,~ 

s t ruc ture  to the  hut  clusters ,  ~s more  than  3 ML,  
and shght ly  inc reases  with the  t e m p e r a t u r e  Sl 
and  G e  a toms  nea r  the  in te r face  may in te rmix  at  
500°C and the  la t t ice  m~smatch can be  r e d u c e d  a 
ht t le  to increase  the  th ickness  

F o r  the  5 M L  G e  over layer  grown at 400°C 
annea l ing  effects  for 5 mln at 500°C were  also 
inves t iga ted  As  shown in Fig  7, the  macroscop ic  
c lus ters  d i s a p p e a r  and  new types  of  compl i ca t ed  
c lus ters  grow, which have the  {015} facets  on the  
foot  of  the  clusters ,  the  {113} facets  on the breas t ,  
and  the  2 × 1 r econs t ruc t ed  (001) surface  with 
many  s teps  on the top  The  hut  c lus ters  d i s a p p e a r  
by the  a n n e a h n g  as if the  macroscop ic  c lus ters  
absorb  the  hut  clusters ,  and  then  a re  t r a n s f o r m e d  
into the  c o m p h c a t e d  c lus ters  A f t e r  the  hut  clus- 
ters '  d~sappearance ,  the  pa tch  s t ruc tures  w~th 
m~sslng-d~mer rows r e a p p e a r  be tween  the compl i -  
ca ted  c lus ters  The  over layer  with the  pa t ch  struc-  

tures,  whose  thtckness  is p e r h a p s  3 ML,  may  be 
s t rongly b o u n d  to the  subs t ra te ,  while  the  hut  
c lus ters  may be loosely  b o u n d  to the  subs t ra te  
and  then  are  easily t r a n s f o r m e d  by the a n n e a h n g  
The  r e a p p e a r a n c e  of  the  {015} facets  on the foot  
of  the  c lus ters  a f te r  the  annea l ing  xndlcates the  
stabxhty of  the  {015} surface  m the region  close to 
the  in te r face  The  growth m o d e  o l  G e  on the 
(015) subs t ra te  ~s in te res t ing  where  the  c rmca l  
th ickness  f rom 2D to 3D growth increases  drast i -  
cally The  e xpe r ime n t a l  resul ts  a re  p u b h s h e d  
e l sewhere  [14] 

4. Conclusion 

G e  over layers  grown at the  growth  t e m p e r a -  
tures  of  300, 400 and  500°C up to the  Ge  cover-  
ages  of  8 M L  on the 81(001) subs t ra tes  were  
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o b s e r v e d  by t h e  S T M  T h e  p h a s e  d i a g r a m  of  t h e  

G e  g r o w t h  m o d e  was  c o n s t r u c t e d  f r o m  the  S T M  

i m a g e s  o b t a i n e d  m this  s tudy  I t  e x h l b t t e d  the  

t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  g r o w t h  m o d e ,  

p a r t i c u l a r l y  o f  t h e  f o r m a t i o n  o f  t h e  t h r e e - d i m e n -  

s iona l  c lus t e r s  A n n e a l i n g  e f fec t s  o f  t he  m a c r o -  

scopIc  c lus t e r s  w e r e  s tud ied ,  and  t h e  s tabi l i ty  o f  

t h e  {015} face t s  in t h e  r e g i o n  c lose  to  t h e  G e - S I  

i n t e r f a c e  was  m d l c a t e d  
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