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It is shown that ion-beam thinning and cleaning of bulk single-crystal samples coupled with annealing can produce 
surfaces suitable for conventional plan-view imaging including HREM.  The key elements  are to ensure the absolute 
cleanliness of the sample preparation system, care in choosing proper ion beam energies, and choosing the appropriate 
annealing conditions so as to minimize coarsening by bulk diffusion. The presence of surface reconstructions can be readily 
detected in off-zone diffraction patterns and in on-zone two-beam bright- and dark-field images. 

1. Introduction 

Whereas the basic techniques for obtaining 
surface-sensitive images in an electron micro- 
scope are now fairly well established [1-14], a 
critical limitation has been the problem of pro- 
ducing samples of a quality comparable to those 
produced routinely for conventional bulk mi- 
croscopy. This is most clearly seen by the fact 
that most microscopy sample surfaces produced 
in a fairly clean fashion thus far have been pre- 
pared by either heating or evaporation. While 
heating is known to work for silicon, it cannot in 
general be used for other materials. Evaporation 
has been used in the past for gold samples, but it 
cannot produce specimens free of artifacts from 
substrate materials nor can it produce large, sin- 
gle crystals. The most common method of pro- 
ducing clean surfaces for ul trahigh-vacuum 
(UHV) surface science experiments is a combina- 
tion of mechanical polishing, ion beam sputtering 
and annealing. The question one must address is 
whether the same process can be used to produce 
microscope-grade surfaces. 

The intention of this note is to demonstrate  
that clean surfaces of bulk single crystals can be 
prepared by standard mechanical a n d / o r  chemi- 
cal polishing, ion beam sputtering and annealing 
treatments.  This process of specimen preparat ion 

can then be monitored both for the presence of a 
reconstructed surface and for impurities by stan- 
dard electron microscopy techniques. In the fol- 
lowing sections we will briefly describe the gen- 
eral experimental approach, then focus on some 
of the more critical experimental issues and fi- 
nally, discuss the observation of reconstructed 
surfaces. 

2. Experimental equipment 

All the experiments described here were per- 
formed in a Hitachi UHV-H9000 microscope, 
which is shown schematically in fig. 1. The micro- 
scope is a conventional H R E M  redesigned to 
achieve an ultimate pressure of about 6 x 10-1~ 
Torr  in the specimen region, with differential 
pumping of the regions above and below the 
specimen, and is bakeable to 200°C. The operat-  
ing vacuum is 1-3 x 10 10 Torr  which is stable 
for at least 6 months. The system can then be 
baked and returned to U H V  conditions with a 
total turn-around time of 2 -3  days at most. At- 
tached to the microscope is a specimen transfer 
chamber (STC) equipped with a number  of dif- 
ferent instruments which can be changed at will. 
There  are three particularly important acces- 
sories for the work described herein, namely a 
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Fig. 1. A schematic diagram of the Hitachi UHV-Hg(}0{} and U H V 4 T C  (courtesy of John Bonevich). 

1-10 keV electron gun capable of delivering 3 
mA of current into a l mm spot, a broad-band 
optical annealing source focussed onto the speci- 
men by an external lens system, and a differen- 
tially pumped ion gun which operates in an en- 
ergy range from 100 eV to 4 keV with neon, 
argon or xenon sources. The STC is separately 
pumped by a 60 g/s ion pump with an attached 
titanium sublimation pump and is rough-pumped 
by a 50 #/s turbomolecular pump. 

Before proceeding any further, some impor- 
tant points should be made about the cleanliness 
requirements for the STC during ion milling and 
annealing of the specimen. We have found that 
the important thing to monitor is the hydrocar- 
bon background of the vacuum, not the overall 
vacuum level. In particular, the level of hydrocar- 
bon contamination should be monitored particu- 
larly when the sample is heated or during ion 

beam sputtering. The reason is that it is possible 
to achieve a base pressure with a reasonable- 
looking residual gas spectrum, but as soon as the 
chamber is heated during annealing or the sam- 
ple is being ion beam sputtered, the hydrocarbon 
background can change substantially. It is quite 
often the case that significant hydrocarbon con- 
tamination is present on the walls of the chamber 
which are not detected by RGAs until they des- 
orb when the walls are heated, by collision with 
sputtering gases or secondary electrons. For ex- 
ample, when ion beam sputtering with Xe, unless 
the hydrocarbon background was < 10 '~ Torr 
with a Xe pressure of 10 -~' Torr, the surfaces 
were contaminated with carbon- the  ion beam 
was cracking the vapor-phase hydrocarbons. This 
problem can be overcome by baking the transfer 
chamber for 2-3 days into the ion pump in order 
to clean the chamber walls. Another precaution 

Fig. 2. A montage of images of a single-crystal Au(001) at various stages in thc surface preparation process. (a) Bright-field image 
of the specimen just after thinning with 4 keV Xe ions. The fringes seen are moir6 fringes caused by the ordered implantation of 
Xe on the Au lattice. (b) Dark-field image of the same sample seen in (a) after annealing. The Xe concentration has disappeared 
and dislocations are present. (c) A dark-field image taken with the (200) and surface spots shows the same sample after further 
annealing. Of note in this picture tire the square holes and voids remanent  fi'om the ion beam sputtering process. The square holes 
in the sample indicate that ordering of the hole surfaces has taken place. This sample is suitable for study and in fact shows molt,5 

fringes fi'om the "5-  dimension of the 5 × n reconstructed unit cell. 



D.N. Dunn et al. / Preparation and detection o f  reconstructed plan-t'iew .s'u,i/'?wes 335 



336 D.N. Dunn et al. / Pr~Tmration and detection ~f  reconstrtwted ~lan-t'iew ,s'url~l('es 

Fig. 3. (a) Bright-field image of a Si(111) single-crystal sample after initial thinning with 3 keY Xe ions. An amorphous layer near 
the surface can be seen which resulted from the ion thinning. This layer can be taken care of by further ion beam sputtering and 
annealing. (b) t t igh-resolution image of the same sample after annealing. The amorphous layer is gone and the sample is relatively 

defect-free. 
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that can be taken to avoid contamination is to use 
the clean tandem-turbo pump on the microscope 
to pump the inert gas during ion beam sputtering 
instead of the ion pump on the STC. This will 
reduce the amount  of time sputtering gases are 
present in the STC, minimizes hydrocarbon re- 
lease by sputtering in the ion pump and avoids 
swamping the ion pump with noble gases. A 
related point is that it is critical to avoid exposure 
of the sample to contaminants from any of the 
instrumentation during any degassing. It should 
be appreciated that the above precautions are 
well known in surface science, but also place 
stringent restrictions on the design of U H V  elec- 
tron microscopes. 

3. Initial sample preparation 

We should briefly mention the initial stages of 
sample preparat ion that we have used. Both the 
gold (001) and silicon (111) samples used in this 
study were bulk single crystals which were me- 
chanically polished and then dimpled. The gold 
samples were then ion milled from one side until 
fairly thin ( ~  1000 nm), loaded into the transfer 
chamber  and thinned with 4 keV Xe until there 
was a small perforation. The mechanical polish- 
ing of the gold led to some recrystallization, and 
it is hoped to avoid this in the future. The silicon 
samples were chemically polished from one side 
with a 10%-HF H N O  3 solution until there was a 
small hole and then moved into the STC. Our 
experience is that the starting sample must be 
clean and fairly electron-transparent  for the best 
results. 

cleanliness and reconstruction by conventional 
microscopy and parallel electron energy loss 
spectroscopy (PEELS). 

The use of ion beam sputtering and annealing 
to successfully produce a surface-science-grade 
microscope specimen raises the following con- 
cerns: 
(a) Ion beam sputtering and mixing of the speci- 

men holder or any support films with the 
specimen. 

(b) Introducing bulk defects and implanting ions 
and surface contaminants during the ion beam 
sputtering process. 

(c) Heating to temperatures  sufficiently high and 
for long enough to anneal out most of the 
bulk defects. 

(d) Avoiding annealing at too high a temperature  
or for too long because either of these may 
cause the sample to coarsen and become too 
thick for electron microscopy. 

The first two problems are to a large extent 
mutually exclusive. Bulk defects can be avoided 
by sputtering at small angles or with lower-energy 
ions, but this increases the danger of sputtering 
the support. Our solution has been to use self- 
supporting 3 mm specimens, limit the ion beam 
energy to 1-3 keV (when the beam can be fo- 
cussed to 1 mm) and limit the angle of incidence 
to 90 + 20 °. This incidence angle is admittedly 
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4. Surface preparation 

The preparat ion of surface-science-grade mi- 
croscopy specimens involves two major steps. The 
first step is the bulk thinning process described in 
the previous section. The second stage is the 
preparat ion of the surface which is done exclu- 
sively in the STC by an iterative application of 
ion beam sputtering and annealing. The evolution 
of the surface is concurrently monitored for 
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Fig. 4. PEELS spectrum from a boron-doped S i ( l l l )  singie 
crystal showing initial silicon carbide formation contaminating 

the surface. 
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harsh and undoubtedly leads to defect production 
which could be alleviated by reducing the angle 
of incidence. A specimen-holder design is cur- 
rently being tested which allows for smaller an- 
gles of incidence without sputtering the specimen 
holder. We have found it necessary to use ener- 
gies of 2 keV or more in order to remove the 
initial partially graphitic carbon layer on the sur- 
face. (These layers come from the initial air expo- 
sure of the sample coupled with the cracking of 
residual hydrocarbons from pump oils and other 
systemic contaminants during the bake.) The op- 
timum condition in our current setup is an ion 
energy of 1-2 keV, which at least for Xe does not 
appear  to lead to substantial implantation and 
limits the damage to the near-surface region. 

The next issue is to avoid substantial bulk 
diffusion and coarsening during annealing, but 

activate sufficient surface diffusion to order the 
surface. For each material the details of the pro- 
cedure will be different, but we have found that 
one can produce H R E M  thin regions with care. 

To illustrate the above points, figs. 2 and 3 
show a montage of images during the preparation 
process. Fig. 2 is for a gold (001) sample and 
shows (a) a sample implanted with Xe, in (b) the 
same sample after optically annealing showing 
the removal of the implanted Xe, and in (c) the 
sample in (b) re-sputtered and optically annealed. 
The sample in (c) is suitable for study. Fig. 3 
shows a silicon (111) sample after initial sputter- 
ing with the 3 keV Xe with an amorphous surface 
layer and in (b) a high-resolution image after 
clcctron beam annealing. More details of the 
specific results will be presented elsewhere 
[15,161. 

Fig. 5. (a) Diffract ion pa t t e rn  from bo ron -doped  Si(111) 7 × 7 surface with co-exis t ing silicon carbide  - see also fig. 6c. (b) Off-axis 
diffract ion pa t te rn  of the Au(001) 5 × n reconst ruct ion.  
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5. Monitoring the surface 

It is clearly important to be able to monitor 
the surface, detect impurities and defects and the 
existence of surface reconstructions. While bulk 
defects can be readily imaged, surface contami- 
nants are more problematic. Carbon, one of the 
most common contaminants, can be imaged in 
bright field or detected by PEELS as is seen in 
fig. 4. Our best estimate of the PEELS sensitivity 
is several monolayers, images appear  to be more 
sensitive particularly to carbon on the surface, 
particularly in profile. 

The detection of surface reconstructions is best 
done by a two-pronged approach which involves 
diffraction patterns and conventional TEM imag- 
ing techniques. Diffraction patterns in on- and 
off-zone configurations contain all the necessary 
information for determining the type and symme- 

try of reconstructed domains. Off-zone diffrac- 
tion patterns have a bet ter  ratio of surface-to-bulk 
spot intensity which makes the surface spots more 
clearly visible. In addition, off the zone axis the 
effects due to phonons and plasmons around the 
bulk reciprocal lattice vectors are damped and 
the contrast (not the intensity) of the weaker 
surface spots is greater. As an example of this, 
Fig. 5a shows a tilted diffraction pattern from the 
Au(100) 5 x n reconstruction and Fig. 5b a 
diffraction pattern of the metastable boron-doped 
S i ( l l l )  7 x 7  reconstuction in the presence of 
some silicon carbide, near the zone axis. 

The imaging techniques we have found to be 
most useful are bright- and dark-field images as 
well as two-beam and weak-beam images. Dark- 
field images taken with the bulk and surface spots 
give complementary information to that of the 
diffraction patterns and show the morphology of 

Fig. 5 (continued). 
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the  r econs t ruc t ed  domains .  The  intensi ty  of  
d i f f rac t ion  spots  decreases ,  as would  be expec ted  
off the  zone;  and  the  bes t  condi t ions  for imaging 
are  on the  zone  or  in a two-beam condi t ion ,  as 
can be seen in fig. 6. It should  be no ted  that  there  
is a m p l e  con t ras t  f rom the  surface  in all the  cases 
that  we have obse rved  to da te  using convent iona l  
microscopy techniques ,  and  it is not  necessary  to 
resor t  to w e a k - b e a m  techniques  to ob ta in  suffi- 
c ient  cont ras t  levels f rom the surface.  

6. Discussion 

The  t echn iques  desc r ibed  he re in  a p p e a r  to be 
app l i cab le  to essent ia l ly  all s imple  e l emen ta l  ma-  
terials .  Clear ly  the re  may  be  p rob l ems  with com- 
pounds ,  and  one  will p robab ly  have to employ  
annea l ing  in gas env i ronments  in o r d e r  to re- 
es tabl ish  s to ichiometry .  W e  have d e m o n s t r a t e d  
the  feasibi l i ty  of  this a p p r o a c h  by oxidizing and 
reduc ing  a catalyst  s ample  [18] and n i c k e l / n i c k e l  
oxide in situ using the opt ica l  annea l ing  source  
[19], so this can also be done  wi thout  des t roying  
spec imens .  

I t  is a p p r o p r i a t e  to po in t  out  tha t  the re  are  
still some p rob lems  with this sort  of  surface 
p r epa r a t i on .  The  sensi t ivi ty of  P E E L S  to surface 
con t a minan t s  is not  as good  as we would  like, and  
one  a lmost  cer ta in ly  needs  in situ A u g e r  spec-  
t roscopy.  This  can be done  ou t s ide  the  micro-  
scope,  but  the re  a re  uncer ta in t i e s  as to the  posi-  
t ion of  A u g e r  e lec t ron  col lec t ion  re la t ive  to the  
a rea  imaged  in the  microscope .  The  best  solut ion 
a lmost  cer ta in ly  requ i res  the  A u g e r  s p e c t r o m e t e r  
to be in the  microscope .  T h e r e  would  also be 
much to be said for using a F E G  source,  both  in 
t e rms  of  be t t e r  sensit ivity in spec t roscopy  and for  
ob ta in ing  h igh- reso lu t ion  d i f f rac t ion  da ta  f rom 
small  r eg imes  to avoid doma in  averaging.  

In addi t ion ,  the re  are  uncer ta in t i es  as to the 
t e m p e r a t u r e  at the spec imen  dur ing  anneal ing .  In 
genera l ,  t he re  will be a t e m p e r a t u r e  g rad ien t  
across most  samples  due  to var ia t ions  in thick- 
ness. W e  have found  opt ical  annea l ing  to be the 
least  pa l a t ab l e  choice for two reasons.  First ,  it 
t ends  to hea t  up a large por t ion  of  the  c ha mbe r  
the reby  increas ing the probabi l i ty  of  con tamina t -  
ing the  spec imen.  In addi t ion ,  the  hea t ing  ra te  
dur ing  opt ica l  annea l ing  is a m a t e r i a l s - d e p e n d e n t  
p a r a m e t e r  and  var ies  with the  reflectivi ty of  the  
surface.  T h e r e  are  still concerns  about  the  con- 
t aminan t s  degass ing  from the walls of  the  system, 
in our  case both  in the  STC and in the micro-  
scope.  

Finally,  a l though our  a p p r o a c h  p r o d u c e s  sam- 
ples  which are  largely defec t - f ree ,  it will not  
p r o d u c e  samples  with very low defec t  concen t ra -  
tions. A l t h o u g h  this is a d i sadvan tage  it is also a 
real  advantage ;  one  a rea  where  U H V  e lec t ron  
microscopy is likely to make  a unique  impact  is in 
the in te rac t ion  of  defects  with surfaces.  

Desp i te  these  concerns ,  it does  a p p e a r  real is t ic  
to r ep roduc ib ly  make  thin spec imens .  We should  
note  tha t  the gold sample  took abou t  6 months  
for us to f ind the  right condi t ions ,  but  a r m e d  with 
this knowledge  we were  able  to make  a sui table  
silicon spec imen  in about  3 days. 

7. Conclusions 

Sur face - sc i ence -g rade  t ransmiss ion  e lec t ron  
microscopy samples  can be p r o d u c e d  by ion beam 
th inning  and annea l ing  with suff icient  care.  The  
condi t ion  of  the  surface can be m o n i t o r e d  by 
s t a n d a r d  microscopy techniques ,  and surface re- 
cons t ruc t ions  readi ly  d e t e c t e d  using e i the r  off- 
zone d i f f rac t ion  pa t t e rn s  or  on -zone  images.  

Fig. 6. A montage of two-beam and dark-field images from the reconstructed Au(001 ) and Si(l I 1 ) surfaces. (a) An off-the-zone-axis 
dark-field image of the reconstructed Au(001) surface taken with the bulk (220) spot and satellite spots showing moire fringes 
(arrowed) from the reconstructed (5 × n) surface. (b) An on-the-zone-axis dark field image taken with the bulk (200) and surface 
satellite reflections showing moire fringes (arrowed) from the "5" dimension of the reconstructed Au(001) 5 × n surface. (c) A 
zone-axis dark-field image of the metastable boron-doped Si(lll)  7×7 surface showing superlattice fringes from the 7x7 

reconstructed surface and some islands of silicon carbide. The stable surface reconstruction is a ~3- × ~3- R30 ° structure. 
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