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Direct observation of surface roughness on metal films is a longstanding problem in thin film 
characte~tion. In this work the high quality of scanning tunnelhng microscopy (STM) was used 

for investigation of evaporated gold films. A scanning tunnel&g microscope able to scan areas up 
to 0.8 x 0.8 pm with high reproducibility is presented. The topography of 80 nm thick gold films 

grown under identical evaporation conditions was investigated as a function of the selected 
substrate material (Corning glass, silicon, NaCl, mica and highly oriented pyrolitic graphite 
(HOPG)). The incipient growth mechanism on the substrate is the primary reason for the surface 

roughness. Tbe real space images of the surface topography correlate very well with knowledge 

achieved from former growth experiments given in the literature. Moreover, very flat gold surfaces 

on HOPG allowed the observation of atomic corrugations in air environments. 

1. Introduction 

The surface roughness has an import~t influence on the physical proper- 
ties of metal films as soon as the film thickness and surface roughness are of 
the same order of magnitude. Nevertheless, the evaluation of the surface 
roughness is up to now unsatisfactorily solved. For roughnesses larger than 8 
nm, transmission electron microscopy (TEM) images of surface replicas were 
commonly employed [l-3]. Below this range only indirect methods were 
available in the past. 

The influence of the surface roughness on the thickness dependent resistiv- 
ity was introduced in 1970 by Namba [2]. Computer fitting of the model to the 
experimental curve gives the surface roughness as one of the fitting parame- 
ters. This method was extensively used in our former works [4-61 for a large 
number of polyc~st~~ne metal films (Au, Cu, Ag, Ni, Al, Pt). The surface 
roughness determined on this way ranged between 0.5 nm for Pt to lo-12 nm 
for Au and Ag and was strongly correlated with the growth mechanism of the 
respective metal on the glass substrate. The surface roughness therefore should 
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be strongly correlated with the island size prior to the coalescence to a 
compact film. This in turn strongly depends on substrate material and 
evaporation parameters. 

Some disadvantages of this method should be noted here: 
- A direct cheek of the obtained values was possible only for surface 
rou&esses larger than 6 nm with moderate accuracy (2 nm) by means of 
surface replicas method fl]. 
- The values obtained represent a kind of overall mean vahre of the surface 
roughness. In reality, however, detailed information about local d~strib~~~~~ 
height and later& extension of the surface irregularities is desired in thin film 
~n~esti~at~ons. 

The discovery of the STM f7] and the explosive growth of applications in 
the forth~o~ng years give a change to remove this handicap. Real space 
images of the surface topography in vacuum, air and liquid environments were 
obtained for thin films of various metals. Very attractive for thin film routine 
work is STM in air. 

Marchon and coworkers [8] applied the STM for characterization of 200 nm 
thick gold film surfaces deposited on mica. Jaklevic and coworkers [9] used the 
images of very thin gold coatings for the ~h~a~ter~~~~on of the underlymg 
insulating surfaces. Some examples of surface topography for gold films 
evapomted on silicon are given by La&o and coworkers [IO]. The most 
spectacular result was the observation (m air) of the atomic ~o~ga~~~ on the 
surface of Au(lff) 250 nm thick goId epitaxiaf films on cleaved mica sub- 
strates by Hallmark and coworkers [II]. 

Most of the investigations in air have been made for rather inert materials 
(i.e. HGPG and gold), since the influence of the adsorbbates on the STM 
images is yet not well enough understood [12]. 

Despite of the so far encouraging results, the problem of the surface 
topography of evaporated gold films is rather unsatisfactorily treated up to 
now. The few examples given in the literature cannot be compared with each 
other because of different or in some cases unspecified deposition parameters. 

The recent work of Chidsey and coworkers [I@, however, demonstrated the 
refevance of systematic thin film investigations using STM. These authors 
studied the influence of the substrate temperature on the epitaxial growth of 
gold films on mica. Relevant STM images related to overviews of Xarge areas 
but also atomic scale topogmphy (atomic steps, dislocations) were performed, 
correlating well with the simultaneous investigations by X-ray diffraction and 
TEM. 

In this work we discuss comparative STM investigations of gold film 
surfaces in air. The deposition parameters are identical for all investigated 
films. The films, however, were deposited onto various substrates. This way, 
we easily obtained a synoptic view of the substrate induced surface topogra- 
phy for gold coatings_ 
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2. Experimental technique 

2.1. Apparatus 

In order to obtain reproducible images a STM with a suitable scanning 
area, high resolution but first of all of very high stability was necessary. The 
design of our scanning tunnelling microscope is sketched in fig. 1. 

Two Invar manufactured differential screws (2 and 4) and the piezo-scanner 
unit 5 are mounted on the massive stainless steel block 1 of the apparatus. 
Sample 6 is mounted onto the differential screw 4 which provides the coarse 
mechanical approach towards the electrochemically etched tungsten tip 
mounted on the single tube scanner [13]. The fine mechanical approach 
consists of the differential screw 2 (50 pm per turn) pressing onto arm 3 by 
means of an elastic metallic membrane of adequate thickness. This way, the 
gap machined into the stainless steel block 1 can be mechanically controlled 
with very high accuracy (better than 50 A). This approach is very reliable, easy 
to operate and gives rise to a high mechanical stability of the tunnelling gap. 

The apparatus was mounted on top of a stack of stainless steel plates 
separated by Viton spacers (pocket size design [14]) and altogether located on 
top of a stack of two stone plates separated by rubber rings; this system 
supresses very well vibrations with frequencies above 2 Hz. The electronics, 
realized in the known conventional manner, is computer controlled. A per- 
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Fig. 1. Schematic view of our STM. (1) Stainless steel block, (2) differential screw (fine approach), 
(3) elastic stainless steel arm, (4) differential screw (coarse approach), (5) scanning unit with single 

tube scanner and tip, (6) sample, (7) view for coarse approach control. 
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TM constant height picture of a 20 x 20 A area on HOPG. The well resolved helc 

corrugation of the @ites can be observed. 

sonal computer provides for the variation of the X,Y scanning voltages and 
data acquisition. The maximal scanning rate was 100 rim/s.. Typical acquisi- 
tion times vary from about 10 s for a 20 x 20 A constant height mode picture 
to about 25 min for a 0.8 x 0.8 pm constant current mode picture. The 
distances in X and Y were determined from the applied piezo-voltages 
calibrated against graphite (HOPG, Union Carbide). A typical constant height 
picture (line plot) of HOPG is given in fig. 2. 

The hexagonal atomic corrugation of the graphite with the 2.46 A inter- 
atomic spacing is very well resolved by our microscope. The resolution of the 
tungsten tips corresponds consequently to the accepted standard level of STM. 

The calibration factor for the elongation in the Z-direction of the single 
tube fabricated from Pl-60 (d,, = 175 X lo-‘* rim/V,, see ref. [15]) was 
determined by interferometry. For this purpose a gold film on Si(100) mounted 
on a piezo-tube (in the following called piezo-holder) was adjusted in a 
Tolansky microscope so that multiple interference occurs. An applied piezo- 
voltage gives rise to a variation of the distance between film and the interfero- 
metric device and therefore to a corresponding shift of the interference lines. 
This allows the calculation of the elongation factor (nm/V) of the piezo-holder. 
The same arrangement (gold film with piezo-holder) was thereafter mounted 
onto the sample unit of our STM. The microscope was adjusted to a common 
tunnelling distance (lo7 Q) used for the operation in the constant current 
mode. Then the sample was moved towards the tunnelling tip by means of 
applied voltages on the piezo-holder. The feedback control of the STM, 
however, maintained the tunnelling distance constant with appropriate volt- 
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ages applied to the Z-electrodes of the tip single tube scanner. With these 
voltages and the elongation factor of the piezo-holder, the value for the 
calibration of the Z-scale in the STM images can be accurately determined. 
This method therefore permits the calibration of the piezo-scanner in situ, i.e. 
mounted in the scanning unit with attached tunnelling tip. 

A very useful feature of the microscope is a very simple operation in a zoom 
modus. The operator can select immediately a new scanning frame onto the 
foregoing (larger) scan area and start a new scan with much higher resolution. 
The reproducibility of the topographical imaging should be sufficiently good 
for the operation in this modus; for our microscope the thermal drift was 
commonly smaller than 0.6 nm/min, provided the temperature of the sur- 
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Fig. 3. Zoom feasibility of our STM exemplified with the surface topography of a Au(12 
nm)-Nb(12.5 nm)-Au(6 nm) sandwich film on Si(100): (a) 90X 90 nm area scan; (b) a new 

zoom-scan of the hill located at the upper-left corner of (a). 



roundings changed not faster than 2 * C/h. The zoom feasibility of our STM is 
demonstrated in fig. 3. 

The surface topography shown in fig. 3a was observed on the 90 X 90 nm 
upper area of a sandwich film consisting of a 12 nm thick gold film on etched 
(100) silicon substrate superimposed with a 12.5 nm thick Nb film and finally 
again covered with a 6 nm thick gold film. The evaporation parameters were: 
10ms mbar, 0.1 rim/s and 300 K substrate temperature. The surface topogra- 
phy has a particular shape with a few hills of about 8 nm in height and 30 nm 
lateral extent. The picture in fig. 3b is a zoom-scan of the hill located at the 
upper-left corner of the fig. 3a. On the time scale there are about 20 min 
between the two pictures. Nevertheless, each detail of fig. 3a can be found on 
the magnified survey in fig. 3b. Thus effects concerning piezo-creep or thermal 
drifts seem to be not significant for large scale topographical imaging. 

The shape (especially the sharpness) of the tunnelling tip is the main factor 
limiting the resolution of large topographical features. In fig. 3b, structures 
with a width and depth of about 5 nm can be clearly recognized. As 
demonstrated later (fig. 7a) cleavage steps at large vertical and lateral exten- 
sion can be well resolved. In our experiment, only tips with a radius smaller 
than 100 nm and cone angles below 40” have been used. 

In order to obtain reproducible (reliable} images usually some “dummy” 
scans have to be performed. During these scans, both surface as well as tip 
contaminations are removed. This was clearly demonstrated by Besocke et al. 
1121 for Si surfaces. Especially for gold surfaces, only a contamination in the 
monolayer range is to be expected. Therefore, the large topographical features 
discussed in this paper are not essentially influenced by contamination. 

Additionally, large local variations of the tunnelling barrier ip are not 
expected. Even in the presence of varying barrier heights (by a factor two or 
three for example), the tip-surface distance would change only by l-2 A,. 

Finally some remarks concerning the adjusted sample-tip distances during 
the operation of the microscope should be given. This distance, mostly given 
in terms of tu~e~ng resistance, influences very strongly the lateral and 
vertical resolution of the apparatus, 

During the operation of our microscope we used the following values for 
the tunnelling resistance: f07 !J (typically 100 mV, 5 nA) for surface topogra- 
phy images of gold, 106 fJ (typically 20 mV, 5 nA) for atomic corrugation 
images on graphite and lo5 St (typically 2 mV, 10 nA) for atomic corrugation 
images on Au. 

Five substrate materials were selected: Corning ghtss, ~~(1~~ wafers, mica, 
NaCl and WOPG. 
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The Corning glass substrates were rinsed in an ultrasonic bath with aceton, 
water and ethanol and then cleaned with the common Balzers cleaning set. 
The optically polished Si(100) wafers were etched in HF and then rinsed with 
water and ethanol. The NaCl single crystals were simply cleaved in air by a 
sharp blow with a knife edge just before their insertion in the evaporation 
system. Mica and HOPG were freshly cleaved in air and immediately mounted 
into the evaporation system. 

In order to obtain comparable results, all substrates were treated in the 
same manner: They were mounted together on the same holder, about 30 cm 
above the evaporation source (for details see ref. [4]) and baked out at 500 K 
in UHV (low9 mbar) for some days. Subsequently these were simultaneously 
coated with an 80 nm gold film at the same substrate temperature (500 K) and 
at an evaporation rate of 0.1 rim/s.. Due to the low heating power (100 W) 
necessary for the selected evaporation rate, the deposition pressure could be 
maintained at lo-* mbar. 

The films then were annealed at 500 K for 4 h and subsequently stored at 
300 K in the ultrahigh vacuum chamber up to the STM investigations. Thus 
the temperature during the post-deposition treatment did neither exceed the 
deposition temperature nor the commonly accepted value for recrystallization 
of polycrystalline gold films (600 K) [33]. Consequently, only the common 
annealing of point-defects should occur during this treatment, whereas the 
large scale topographical features can be expected to remain unchanged. The 
different surface features imaged by STM therefore should be mainly due to 
the growth mechanisms of these films. 

We obtained therefore gold film of identical thickness and evaporation 
parameters. The comparative study of the surface topography of these films on 
the selected substrates will be discussed in the following. 

3. Results and discussion 

The observed surface topographies are classified into three categories: 
(a) Rough surfaces, i.e. the film surface map presents an overall hill landscape, 
much stronger than the roughness of the substrate. 
(b) Smooth surfaces, i.e. the surface of the thin film is much smoother than the 
substrate. The surface map mainly shows features of the underlying substrate 
together with much smaller features of own topography. These two contribu- 
tions can be clearly distinguished from each from other. 
(c) Mixed surfaces, i.e. both smooth and rough distinct regions can be ob- 
served on the film surface. This is mainly typical for inhomogeneous surfaces 
caused by different local growth processes on the substrate. 
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(a) Rough surfaces 

Au on glass 
Fig. 4 shows a typical 0.3 x 0.3 pm scan of a gold film on fire polished 

Corning glass substrate (Corning 7039). The surface of the gold films on glass 
is very rough (mountain-like landscape). Hills of various heights and lateral 
extension are statistically distributed on the surface. A typical Z- 
corrugation(roughness) of 11 nm can be estimated, but also hills of about 6 or 
17 nm can be observed. It should be noted that the present authors evaluated 
mean roughness values of 11 nm from the thickness dependent resistivity of 
gold films on Coming glass IS]. The lateral extension of the surface irregular- 
ities varies roughly between 20 and 40 nm. Moreover, fig. 4 shows that the 
surface irregularities of gold films on glass are rather uncorrelated. 

The present authors [4,5] concluded from resistivity measurements that the 
size of islands prior to the coalescence to a compact film is the main reason for 
the surface roughness (this corresponds roughly with the onset thickness of the 
electrical continuity). The landscape in fig. 4 offers a similar impression. The 
liquid-like coalescence of gold on glass is a well-known phenomenon. A 
wide-ranging statistical distribution of the surface irregularities, i.e. a weak 
correlation between surface structures, is therefore a logical consequence. The 
nucleation of gold on glass was extensively studied [17], last by Anderson and 
coworkers 118,191. They reported a large spread in the island sizes accompa- 
nied by a liquid-like coalescence at critical thicknesses (8-12 nm) comparable 
with those of our resistivity measurements. 
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Fig. 4. STM image of a A~(80 nm) film surface on Corning glass. These films show uncorrelated 

rough surfaces. 
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Au on precoated glass 
In the following, we give for the first time direct evidence that island sizes 

just prior to coalescence represent the main reason for the roughness of 
polycrystalline metal films. For this purpose, chromium nucleation centers 
were evaporated onto the glass substrates just before the deposition of Au in 
order to inhibit the island growth. Chromium is an oxygen active material 
leading to very stable nucleation centers on glass or oxidized silicon. 

Numerous experiments in our laboratory at low chromium coverages (thick- 
nesses smaller than 1.5 nm) did not show any influence on the crystallite size 
of the compact gold films apart from a more homogeneous distribution of 
crystallite sizes. Note that the crystallite size usually cannot be identified with 
the island size. 

On the contrary, the onset thickness of electrical continuity (critical thick- 
ness where coalescence occurs) was drastically reduced to values of 2 to 4 nm, 
dependent on the density of chromium nucleation centers on the glass sub- 
strate. A strong reduction of the island sizes can be assumed and thereupon a 
reduction of the surface roughness to values below 4 nm, suggesting that the 
island coagulate to larger flat crystallites. 

The surface topography of a gold film on Corning glass previously covered 
with 1.5 nm chromium is illustrated in fig. 5. This picture confirms our 
concept regarding the surface roughness of polycrystalline metal films. The hill 
landscape, presented in fig. 4, is drastically levelled out due to the existence of 
the chromium nucleation centers. Large areas with surface roughnesses be- 
tween 2 and 3 nm can be observed in fig. 5. Only a few level differences of 6 
nm scattered over these smooth areas can be recognized. 
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Fig. 5. Surface topography of a A~(80 nm) film on precoated Coming glass substrate. The 

presence of the Cr nucleation centers leads to the smoothing of the gold films on glass. 
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A u on Si(I 00) 
Gold films are known to coagulate during the growth on silicon substrates. 

The picture of the surface topography of such coatings is a popular example 
given by many authors of STM papers [10,20-221 or by manufacturers in 
order to demonstrate the quality of the apparatus. Unfortunately, the results 
are not comparable with our experiment due to the reasons given in the 
introduction of this paper. 

The surface diffusion of Au on Si is much larger than on glass and therefore 
rather an enhancement in the island size with the consequence of an enhanced 
surface roughness can be expected. The majority of STM-scans given in the 
literature for Au on Si relate to film thicknesses below 10 nm [10,21,22]. All 
these films have a cluster-like structure with cluster sizes of about 10 to 30 nm 
lateral extension and 3 to 10 nm in height even at these low film thicknesses. 

In fig. 6 we show the surface topography of our gold films, deposited on 
Si(100). As expected we observe a hill-like landscape, with an average height 
variation of about 16 nm, i.e. the surface roughness is enhanced compared to 
Au films on glass substrates. Moreover, the lateral extension of the hillocks is 
increased from 40 nm for gold on glass to 80 nm for gold on Si(100). The 
existence of an enhanced surface roughness even for films on very homoge- 
neous and flat substrates as in the case of Si(100) is clearly due to the 
enhanced island growth on this material. 

In contrast to the films on glass, the surface roughness of Au on Si(100) 
shows a high degree of correlation: The dimensions of the hillocks are more 
homogeneously distributed than for glass substrates, but at the same time 
much larger than observed for clustered (islandized) films. A possible explana- 

120 240 360 480 600 
X km1 

Fig. 6. Typical surface topography of Au@0 nm) film surfaces on Si(100). The films behave a 

correlated rough surface. 
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tion may be supported by the recently reported growth mechanism of Au on 
Si(ll1) [23]: At small thicknesses a kind of silicide (Au-Si alloy) clusters are 
formed on the Si(ll1) surface. For films grown at RT and thinner than 10 nm, 
such silicide particles with a diameter of about 30 nm have been observed [23]. 
With increasing film thickness new layers of pure gold crystallites are formed. 

On the other hand, the existence of silicide particles on silicon gives rise on 
an artificial roughening of the substrate with bumps of relatively regular sizes 
which can be much larger for our heated substrates due to the temperature-en- 
hanced surface diffusion. This artificially roughened substrates are responsible 
for the observed roughness of the 80 nm thick gold films on Si(100). 

(b) Smooth surfaces 

Au on NaCI(100) 
Surfaces of remarkable smoothness of films condensed on NaCl and 

graphite (HOPG) have been observed. The growth of noble metals on the 
(100) cleavage planes of alkali halides was intensively studied both by thin 
film and surface investigators [24-261. A large range of epitaxial temperatures 
for Au on NaCl(lOO), varying from 500 K [25] up to 670 K [26] have been 
reported in the literature. The surface of epitaxial gold films on NaCl(100) is 
generally assumed as smooth in the atomic range over large areas. 

On the other hand, Jacklevic et al. [9] exploited the smoothness of very thin 
(2.5 nm) gold films deposited at low substrate temperatures (77 K) in order to 
obtain STM images of the underlying NaCl substrate cleaved in air by a sharp 
blow with a knife edge. Smooth regions free of any structure with occasional 
cleavage steps of various heights (maximum 8 nm) of the NaCl single crystal 
were observed in the 100 x 70 nm large area scans. Only multiple-atom height 
cleavage steps could be imaged on the smooth area (20 X 14 nm) scans. 

We cleaved the NaCl single crystal substrates by the same procedure as 
Jaklevic and coworkers [9]. The result of a large area scan (0.6 X 0.6 pm) of the 
gold film surface on these substrates is given in fig. 7a. 

The film surface is smooth to a degree that allows an excellent overlook of 
surface features of the underlying substrate. The staircase-landscape on the 
right of the picture, whose steps have a relative height to the adjacent steps a 
multiple of about 1.5 nm (i.e. 1.5, 15, 45, and 60 nm), is clearly due to the 
(100) cleavage steps of NaCl. No signs of the gold overlayer can be seen in this 
picture, despite of the 80 nm film thickness and the much higher deposition 
temperature. 

We consequently performed a zoom-mapping on the very smooth area 
located around X = 240 nm and Y = 120 nm in fig. 7a with much higher 
resolution. The result is given in fig. 7b. The apparently very smooth area of 
the foregoing large area scan shows now a substructure in a very fine 
microscopical height scale. The relief map shows again an overall maximum 
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Fig. 7. Surface topography of a A~(80 nm) film surface on cleaved (100) NaCl: (a) Large area scan 
(0.6 x0.6 pm). The (100) cleavage steps of NaCl can be clearly observed. (b) Zoom-scan of the 
area located at around X = 240 nm, Y = 120 nm of (a); with exception of the features attributed 

to atomic (100) cleavage steps no sign of the gold film can be recognized, the film surface is very 
smooth (in the 1 A range). 

level difference of about 1.5-1.8 nm. Moreover, this smooth field shows a lot 
of smaller (but still in the 10 nm range) areas, with level difference between 
adjacent areas of about 5-6 A. Assuming atomically flat gold films, this could 
be related to atomic (100) cleavage steps of NaCl (the (100) atomic level 
spacing in NaCl is 5.65 A), i.e. the applied knock on the NaCl single crystal 
has produced (100) cleavage steps not only in the “macroscopic” range; this 
naturally propagates up to the atomic scale. This interpretation, however, 
needs further confirmation since a propagation of such steps through a 80 nm 
thick film seems to be hardly acceptable. 
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The most important result, however, is the exceptional smoothness of 80 
nm gold films (in the 1.0 A range) deposited at 500 K on the (100) cleavage 
planes of NaCl. 

Au on HOPG 
Little work concerning the growth of gold films on single crystalline 

graphite has been reported in the literature. This is rather suprising, since the 
advantage of hexagonal-packed substrates for the (111) oriented growth of the 
fee metals was generally recognized. Moreover, extensive work concerning the 
epitaxial growth of gold on similar structures (mica, molybdenite) was done in 
the past [26-283. 

In 1970 Darby and Waym~ 1291 made a first attempt to the systematic 
study of gold films evaporated at 0.1-0.2 rim/s in lop9 mbar on single 
crystalline graphite substrates. Referring to this work, an imperfect epitaxial 
structure, but certainly with a very strong (111) fiber texture, can be expected 
for the samples on HOPG. 

In connection with STM imaging of small metal clusters (in UHV) on the 
basal plane of graphite substrates, a quite interesting result was recently 
reported by Ganz et al. [30]. Very stable Au dimer clusters located on the 
P-sites were detected,whose bond length of 2.47 A is very close to the 
well-known value of 2.46 A for the separation of the /?-sites on the HOPG 
surface. Regarding this result a stable incipient gold monolayer on the &sites 
of the HOPG substrate can be tentatively conceived. This will in turn 
contribute to the building of a smooth overlayer surface. 

A typical picture of gold overlayers discussed in this work is shown in fig. 
8a. The smoothness of the gold coating is better than the topographical 
features of the underlying graphite substrate. The level differences located in 
the region located around X = 45 nm, Y = 45 nm are related to cleavage steps 
of graphite. These level differences amount to about 6 A or multipl%s of this 
and therefore can be correlated with the separation value of 6.7 A of the 
equivalent basal planes of the graphite lattice. 

In order to prove the orientation of the surface, we performed 20 X 20 A 
constant height pictures of the very smooth area located at X = 30 nm, Y = 60 
nm. Additionally, the tip-sample distance was drastically reduced to tunnell- 
ing resistances of lo5 ft. 

The result is given in fig. 8b. On the left side, the close-packed (111) 
hexagonal corrugation of gold can be clearly observed. The perturbation on 
the right can be due to lattice defects or much simpler to a sudden drift of the 
apparatus (line-scanning here was performed in the Y-direction). The esti- 
mated atomic spacing of 2.8 A (calibrated against graphite measurements) 
corresponds fairly well with the known gold interatomic distance of 2.88 A 
and with the result in air of Hallmark et al. [ll] for epitaxial gold films on 
mica. The corrugation amplitudes in fig. 8b ranged to 2.7% of the tunnelling 



current (31 nA) and consequently is much smalfer than the common vah.~e of 
10% observed for constant height HOPG pictures (fig_ 2). 

A~thou~ Hallmark and coworkers [tlj did not exclude an epittial adsorbed 
layer on an (111) gold surface, the film beneath has to be epitaxial too. An 
adsorbate layer on Au, however, seems to be unlikely, because these authors 
observed the same corrugation cm the same films in UHV. 

Therefore, we have shown a close-packed corrugation of goId in air on very 
flat, smaI1 areas of @11) textured films cm HOFG. The main purpose of this 
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work being not atomic resolution on metal surfaces, this attempt was not 
carried out for the other systems discussed here. 

(c) Mixed surfaces 

Au on mica 
Mica is one of the favourite materials for epitaxial deposition studies and 

consequently some work #nceming the oriented growth of noble metals on 
this material already exists [26-281. 

According to results published in the literature Au and Ag show for 
example a higher tendency for orientation on NaCl than on mica. Reichelt and 
Lutz [31] observed for vacuum evaporated Ag on mica at substrate tempera- 
tures higher than 650 K nearly perfect epitaxy for Ag (untwinned single 
crystals), but only partial epitaxy for Au films. Nevertheless, highly oriented 
(111) textures with six-fold symmetry were observed for gold films condensed 
at substrate temperatures higher than 570 K. Surface topography studies with 
STM for gold on mica were reported by Marchon et al. [8] and Hallmark et al. 

illI* 
A smoothly rolling hill structure with hill sizes in the range of 10 nm lateral 

extension and a few nanometer in height were observed for films grown at 
room temperature [7]. After annealing in air at 520 K, this topography 
changed to an atomically flat one with some scattered bumps and trenches 
attributed to defect structures in the mica substrate or residual gram boundaries 
in gold films. 

Hallmark et al. [ll] performed STM investigations of (111) epitaxial gold 
films (film thickness = 250 nm) evaporated in 10e6 mbar onto cleaved mica 
substrates maintained at 570 K, i.e. in accord with the prescriptions of 
Reichelt and Lutz [31]. After Ar+ sputtering and post-annealing in UHV at 
630 K, very smooth surfaces with atomic monolayer steps of about 5 nm 
lateral extension were imaged. Finally, on these steps the hexagonal atomic 
corrugation of Au(ll1) was excellently resolved both in air and in UHV. 

The STEM investigation of the epitaxial growth of gold on mica by Chidsey 
and coworkers [16] deals with 50, 120 and 480 nm thick films grown by e-gun 
evaporation in 10-6-10-7 mbar and 0.1 rim/s on air-cleaved muscovite 
substrates; the substrate temperatures was 300, 428, 503 and 573 K respec- 
tively. For temperatures higher than RT, they observed large flat crystalhtes 
containing holes, dislocations and twins.Good epitaxial orientation was ob- 
tained only for a substrate temperature of 503 K. With increasing substrate 
temperature, the films were even flatter but the quality of epitaxy was poorer. 
This result appears astonishing and contradicts the previously discussed growth 
experiments of Reichelt and Lutz 1311. For the relevant temperature of 503 K, 
high atomically flat plateaus of some hundred nm lateral extension separated 
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Fig. 9. Mixed surface: Auf80 nm) films on mica: (a) The furrowing of the mica substrates during 
the cleavage process exemplified by a large area scan (0.75 x 0.75 am) of the 80 nm thick goId 
overiayer. (b) An 0.3 x 0.3 gm area scan with an example of mixed topography. Flat regions 
located on scaly substrate features (due to the exfoliation of mica) are intermixed with hillock 

regions, 

by grooves and depressions (lateral extension: 100 nm, depth: 5 to 10 nm) 
were observed. 

The examples of STM images given in figs. 9a and 9b for our samples on 
air cleaved natural mica (pegmatitic muscovite - Madagascar) were selected 
from about 80 surface pictures performed on different surface areas. 

Some critical discussion seems to be necessary for the ~nte~rctation of the 
topographical maps of fig. 9. Firstly, the cleavage of mica in air seems to be 
unable to produce smooth and homogeneous substrates with large lateral 
extensions. The cleavage process itself is accomp~~ by a strong electrical 
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charge-up [32] and therefore, due to the resulting electrostatic forces, a strong 
“furrowing” of the cleaved surfaces occurs. A typical example is given in the 
large area scan (0.75 x 0.75 pm) of fig. 9a. The “Grand-Canyon” whose sides 
consist of mountains and plateaus of various heights and shapes is a clear 
example for this process. On the high plateau, however, a rather flat landscape 
can be observed. The identification of topographical details on this area is 
unfortunately restricted to 5 nm. A large number of scans have been per- 
formed on such flat areas on various sites of the surface. After the subsequent 
analysis of these scans we are convinced that the film surfaces on mica 
substrates consist of regions with varying topographical character (mixed 
surfaces). We cannot specify a typical topographical map, characteristic for 
these gold surfaces. In the range of some hundred nanometer scan areas not 
only very smooth areas (level differences lower than 1 nm) but also typical 
polycrystalline surfaces (hillocks in the height range of some nm) or in many 
cases a mixture of both has been observed. Oftenly we observed large (scaly) 
areas of about 3 to 20 nm in height due to the exfoliation of mica during the 
cleaving process. Fig. 9b shows a selected example of such a mixed surface. 

Here very smooth areas (5 A range) partly located on the scaly areas 
created by the exfoliation of mica together with flat hillocks of about 60 to 100 
nm lateral extension at 2 to 5 nm in height can be observed. 

The imperfect cleavage of mica in air gives rise to regions with different 
defect characteristics and densities [32]; therefore different incipient growth 
mechanisms may coexist on the same substrate surface. 

Additionally, it should be noted that the temperature of our substrates 
(500K) was slightly less than the minimal value (570K) necessary for produc- 
ing highly oriented films (l&31]. These two deficiencies can be the reason for 
the observed inhomogeneous surface topography of our gold films on mica. 
Thus smooth areas and hillock regions (as for example in fig. 9b) can coexist. 

A direct comparison of our results with the published work of Chidsey and 
coworkers [16] seems to be rather difficult due to some differences in the 
preparation of the films. Although the substrate temperature of 500 K and the 
evaporation rate of 0.1 rim/s are comparable for both experiments, no 
information concerning the cleaning of the mica substrates in vacuum prior to 
the evaporation was given in ref. [16]. Relating to the work of Poppa and 
Elliot [32] this seems to be a crucial point for the quality of air-cleaved mica 
substrates. Additionally, the evaporation pressures are different in the two 
experiments: 10e6 to lo-’ mbar in the experiment described in ref. 1161, lo-* 
mbar in our case. 

A correlation of STM images with structure investigations by TEM and 
X-ray diffraction given in ref. [16], however, demonstrated clearly that by a 
proper combination of deposition parameters and substrate quality, epitaxial 
growth of gold on mica occurs even at the relatively low substrate temperature 
of 500 K. For our films, however, rather the growth mechanism described by 
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Reichelt and Lutz [32] seems to be responsible for the observed surface 
topography (mixed surface). 

Finally, the result given in fig. 9b is very instructive: Information resulting 
from a relatively small area scan is not always characteristic for the whole 
sample. 

4. Conclusion 

In this work the STM was employed for a systematic study of substrate-de- 
pendent surface topography of UHV-evaporated gold films. 

To our knowledge, this is the first attempt for a comparative study on this 
still unsatisfactorily solved problem of thin film investigation. Therefore, we 
discussed the specific literature directly together with the presentation of our 
own particular results. 

The selection of the material and evaporation conditions is decisive for a 
comparative study. Gold is an inert metal and therefore very appropriate for 
STM-imaging in air. Since the films were evaporated simultaneously on 
different substrates mounted on the same holder, identical evaporation param- 
eters for the different substrates were guaranteed. 

Very different topographies in a wide dynamical range concerning the level 
difference and lateral extensions of topographical features have been estab- 
lished on the surface of gold films of the same thickness (80 nm). 

The surface roughness is induced primarily by the incipient growth mecha- 
nism of the films. The examples discussed in this work furnished clear 
evidence for this matter of fact. 

Corning glass and silicon substrates induce rough polycrystalline surfaces 
with hillocks of about 5 to 20 nm in height and 40 to 100 nm lateral extension. 
If the coagulation was inhibited by chromium nucleation centers the gold 
surface on glass became quite flat (the roughness was smaller than 4 nm at 
large lateral extensions). These surface roughnesses for films on glass agree 
with earlier results evaluated from the thickness-dependent resistivity. 

NaCl and graphite, known from the literature as promoters of oriented 
growth, induced very smooth surfaces. Due to the extraordinary surface 
smoothness of these gold films, features due to the cleavage steps of the 
underlying single crystalline substrates can be well distinguished from the 
topography of the films themselves. For gold on graphite we successfully 
resolved the hexagonal (111) atomic corrugations on a preselected 20 x 20 w 
area of (111) textured films. 

The good agreement of the results given in this paper with previous 
investigations of growth experiments should be viewed as very encouraging. 
The STM, therefore, gives a real chance to solve the main part of topo- 
graphical questions in thin film investigations. Finally, the proof of the 
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topography on various sites of the sample is absolutely necessary. The example 
of gold surfaces on mica is very instructive in that regard. 

The STM in air can be developed to a powerful routine method for the 
investigation of coating surfaces. More systematical experiments using other 
materials are necessary. The recent successful attempts in the imaging of the 
silicon surface in air [12] shows that a real chance for the assertion of this 

practice exists. 
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