
Scanning 
tunneling 
microscopy 
of  surface 
microstructure  on 
rough  surfaces 

by J. K. Gimzewski 
A. Humbert 

An important  feature  of  the  scanning  tunneling 
microscope (STM) is  its ability to image 
nonperiodic  or  disordered  surfaces  with  atomic 
or  near-atomic lateral and  vertical  resolution. 
Many physical  and  chemical  properties of 
surfaces  and  interfaces  are  sensitive to, and in 
some  cases  determined by, random  roughness 
or  surface  disorder,  although  our  understanding 
is hampered by the  lack  of  suitable  techniques 
for  investigating  atomic-scale  features. We 
present STM results  for  microcrystalline Ag  and 
nanocrystalline  silicon  surfaces  which 
demonstrate  the  unique  topographic  data 
obtainable  using  the STM.  For  comparison, the 
STM studies  are  complemented  by  data 
obtained  using  conventional  techniques. 
Furthermore,  the  ability  of  the STM to 
investigate  the  influence  of  growth  conditions  on 
surface  morphology,  such  as ion bombardment, 
adsorption,  and  condensation  temperature, is 
discussed. 
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1. Introduction 
Surface disorder and random roughness  can play a 
determining role in many physical and chemical properties 
of surfaces and interfaces.  Despite the importance of these 
phenomena in both fundamental and technological areas of 
research, our understanding of atomic- and near-atomic- 
scale  topographies  for nonideal surfaces  is at best 
phenomenological. 

For single-crystal  surfaces,  small perturbations in surface 
order can be  assessed  from the quality of diffraction patterns 
and diffuse  scattering  using  low-energy electron diffraction 
(LEED) or reflection  high-energy electron diffraction 
(RHEED). For example, the critical role of atomic steps at 
Si-SiO, interfaces  used  for  MOSFET  devices has been 
demonstrated using spot profile  analysis  of  LEED 
(SPA-LEED) [I]. 

For polycrystalline, amorphous, or inhomogeneous 
surfaces, the experimental methods available  with  sufficiently 
high lateral resolution and vertical  sensitivity are limited. 

Scanning electron microscopy  (SEM)  is  useful  only  for 
studying  relatively  large topographical structures with  a 
typical resolution of Z 100 A. Transmission electron 
microscopy (TEM) of thin (-100 A) films has a lateral 
resolution of 22 A, but it is not a  surface topographic probe; 
however, TEM is  extremely  useful for investigations of 
morphology and microstructure. Replica-TEM  analysis of 
thin replica  films  shadowed  with  heavy metals yields 
information on the surface  topography. Unfortunately, the 
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1 STM graph of nc-Si deposited at T = 260°C under a tloatmg p%ten- 
tial by plasma deposition. Divisions on axes correspond to SO A. A I W-tip operated at Vt = + O . S  V, i = 10 nA [9]. Elsevier Science 
Publishers 9. V. (North-Holland Physics Publishing Division), 1985; 
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1 STM graph of nc-Si deposited at T = 260°C under a floating poten- 1 tial by plasma deposition. Divisions on axes correspond to S O  A  A 
W-tip operated at V, = + O S  V, i = IO  nA. This figure shows the 
same area as Figure 2 after apEroximately 30 min. Note offset in 

g image window arising from 3 Aimin drift [9]. Elsevier Science 
' in Division 1985. 

a 

granular  structure observed  has a grain size of 30-60 A [9] in 
agreement  with the crystallite dimension of -30 A 
determined  from  XRD  data [6]. It is well known  that  ion 
bombardment  during film growth  is responsible for a variety 
of topographical changes. Effects such  as  sputtering, 
enhanced surface diffusion, and  implantation  contribute  to 
morphological  changes [ 131. The overall rounding  and 
increase in  minor secondary  roughness are  the results of 
these and related processes such as finite crystallite size [ 121. 
Recently, the surface morphology  of oxidized and ion-etched 
silicon was investigated by STM [ 141. An increased 
roughening was observed and hillocks similar to  the 
structure of nc-Si deposited under  simultaneous ion 

474 bombardment were observed. 

3. Coldly and warmly condensed Ag  films 
Several attempts have  been made  to investigate the 
roughness  of Ag films condensed at low temperature owing 
to its importance in  surface-enhanced Raman scattering 
(SERS) [4, 51. The various  models  for the surface structure 
of coldly condensed  SERS  active Ag films are based on 
indirect  observations:  photoemission of adsorbed  xenon 
(PAX)  [4, 151, thermal desorption  (TDS) [4, 161, and optical 
absorption [ 171. Direct  observations by microscopic methods 
with limited  resolution have also been reported [ 171. 
However, most  studies have shown that  the SERS  relevant 
structural  features lie in the  nanometer-to-subnanometer 
range [4, 5, 15, 161. Until recently, suitable surface 
techniques were not available to  obtain real-space 
topographies of surfaces with the resolution  required. Three 
types of  thick (>lOO-nm) Ag deposits were studied: 

1. Films  condensed at 100 K with pyridine  adsorbed at  the 
condensation temperature. 

2. Films  condensed at 100 K. 
3. Films condensed at 300 K. 

All samples were studied at  room  temperature (post- 
annealed). 

The  structural zone model for  vacuum-deposited films 
[ 181 gives an insight into  the dependence of microstructural 
characteristics on  the substrate temperature T in terms of  its 
ratio T to  the  condensate melting temperature 
T,(T = T/T,). At T = 90 K, (T = 0. I )  adatom diffusion is 
insufficient to overcome  shadowing effects resulting in a fine 
columnar microstructure. At T = 300 K, (T = 0.25) adatom 
diffusion dominates  and  the density of boundaries between 
columns increases, accompanied by lower defect 
concentrations. The microstructure  of the film is also 
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STM graph of a Type-I Ag film. Feature A  corresponds to narrow 
trench sites where  tip  penetration limits topographic  reproduction. 
Feature  B  corresponds to trench sites  where the tip  tunnels with the 
bottom of the trench (see  also Figure 6). Divisions  on  axes  corre- 
spond to SO A.  A  W-tip  operated at V,  = + 350 mV, i = IO nA [IO].  
OThe American  Physical  Society, 1985; reprinted with permission. 

determined by many  additional effects such  as internal 
stresses, defects, and  the stabilization of phases by impurities. 
The films condensed at 90 K are post-annealed  in UHV  to 
room  temperature. Here,  post-annealing  is  expected to result 
in modification of the  microstructure by adatom mobility. 
The influence  of  pyridine adsorption  on coldly condensed 
films during  annealing was investigated because of  its 
reported role in preserving features  characteristic of coldly 
condensed films at low temperature. 

role in preserving features  characteristic of cold films. 
Our results show that pyridine  preadsorption plays a key 

Details of sample  preparation  are reported elsewhere 
[ 19-2 I]. 

Type-ijilms Figure 5 shows a typical STM picture for a 
coldly condensed film with pyridine  preadsorption  after post- 
annealing  at  room  temperature.  Columnar  structures -5- 15 
nm in length separated by trench-like channels 1-3 nm  in 
width are clearly resolved. The  STM picture  of the  channels 
represents  a convolution of the  channel  and  tip structure. 
Penetration of the  tip  into these sites is limited by the  tip 
geometry.  However, close inspection of the  channels in 
Figure 5 reveals areas where the  channel  bottoms  are 
relatively flat structures,  indicating that here the  tip  tunnels 
at  the  bottom of the  channel sites. In other cases, the 
V-shaped structures reflect predominantly  the  tip structure. 
A  schematic  illustration of this  point is shown in Figure 6. 
Consequently, the  channel  depths  are estimated at 3 to >4.5 
nm. Apart  from the  channel sites, the overall topography  of 
the crystallites is fairly flat, Le., within the resolution  limit  of 
most  scanning  electron  microscope (SEM) techniques.  These 
films have  a  surface  topography  similar to  the model for cold 
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Schematic  illustration of scanning  the  tunneling  tip  across  a trench 
site for a  wide trench (a)  and  a narrow trench  (b) with respect  to the tip 
dimensions. Both topography  and the corresponding STM image are 
shown [IO]. @The American  Physical Society, 1985; reprinted with . .  
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STM graph of a Type-I1 Ag film.  Divisions  on  axes  correspond  to SO 1 A. A W-tip operated at V,  = +35O mV, i = IO  nA [ I l l .  g)Elsevier 
Science Publishers B.  V. (Noh-Holland Physics  Publishing  Division), 

films proposed by Albano  et  al., based on PAX and other 
data [4, 151. 

Type-Iijilms Figure 7 shows a typical STM picture  for  a 
coldly condensed film. The absence of pyridine 
preadsorption results in an  almost complete annihilation of 
the pore structure, although occasionally isolated pores 
similar to those  shown in Figure 5 were observed. Post- 
annealing of the films gives rise to  compact grain boundaries 
and crystallites of - 10-20 nm  in size. 
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i: Repeat STM graph of Figur;e 8, recorded 20 minutes later. Divisions 5 on axes correspond to 100 A. 

Type-IIIJilms Figures 8 and 9 show typical STM pictures 
for a film condensed at room temperature. The pictures are 
very similar to Figure 7: No pores are observed, and the 
compact grain boundaries connect crystallites  of  larger 
dimensions than those of  Type-I1 films. Typical grain sizes  of 
-500-1000 A agree  with TEM data for similarly prepared 
films [22]. The two  figures  were recorded on  the same area 
of the sample. Although a small  offset occurred in the image 
window  owing to drifts, the reproducibility of the STM data 
is  excellent. 

The clearly  observable  differences  in the surface 
topographies of Type-I and Type-I1  films  give direct evidence 
for the role  of pyridine adsorption in pore retention after 
post-annealing. These data  are consistent with conclusions 
reached by Seki and Chuang [ 161, based on TDS, that 
pyridine plays a role in pore formation. Furthermore, the 
model proposed by Albano et al. [4, 151 based on PAX 

measurements for cold films  closely  resembles the 
topographic features of post-annealed Type-I  films.  However, 
our results  show that pore structure is at least partially 
preserved by pyridine adsorption. Our data were recorded 
after - 15-20 hours of annealing at room temperature in 
UHV. The relevant time scale  for pore annihilation due to 
annealing effects  is an open question under investigation. 
The high  self-diffusion rate of silver at room temperature 
should result in a time dependence of the surface 
topography. 

In the absence of pyridine preadsorption, the pore 
structure is almost completely annihilated. The resulting 
surface  of  Type-I1  films  is  relatively  flat,  with compact grain 
boundaries. The observation of smaller crystallites  for Type- 
I1 films compared with  Type-I  films indicates that although 
pore annihilation occurs, the coldly condensed films retain 
some memory of their porous structure in the absence of 
pyridine adsorption. The grain boundaries are probably 
evidence of channels that have  been annealed out. 

4. Outlook 
The two systems  discussed in this paper serve well to 
illustrate some of the capabilities of STM for studying 
disordered and randomly rough  surfaces. A correlation with 
existing techniques for  investigating PC- and nc-materials is 
demonstrated. STM reveals  surface topographic structures 
not accessible by other methods. 

As discussed  previously, the problems encountered in 
studying rough  surfaces  differ somewhat from those related 
to single  crystals. Limitations include the contribution to 
tunneling played by the shank in addition to the tip apex 
which complicates interpretation. Furthermore, if tip and 
surface are of comparable roughness, then it may be difficult 
to separate the resulting convoluted image. 

Despite  these apparent drawbacks, the new information 
obtained using STM, and the importance of disorder, 
randomness, and surface microstructure make the study of 
rough surfaces a worthwhile pursuit. Direct applications to 
metallurgical, optical-energy-conversion, and electronic thin- 
film surfaces or interfaces are foreseen. 
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