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Scanning tunnelling microscopy (STM) is capable oY *tohi¥
and is ideally suited for imaging surfaces with uniform work function. A
biological sample on a conducting substrate in air does not meet this
criteria and requires a conductive coating for stable and reproducible STM
imaging. In this paper, we describe the STM and transmission electron
microscopy (TEM) characterization of ultra-thin ion-beam sputtered films
of iridium and cathode sputtered gold/palladium and platinum films on
highly ordered pyrolytic graphite (HOPG) which were developed for use
as biomolecule coatings.

Our goals were the development of metal coatings sufficiently thin and
fine gramed that 15-20 A features of biological molecules could be
resolved using STM, and the development of a substrate/coating system
which would allow complementary TEM information to be obtained for
films and biological molecules. We demonstrate in this paper that ion-
beam sputtered iridium on highly ordered pyrolytic graphite (HOPG) has
met both these goals.

The ion-beam sputtered iridium produced a very fine grained (< 10 A)
continuous film at 5-6 A thickness suitable for stable air STM i unagmg In
comparison, cathode sputtered platinum produced 16 A grains with the
thinnest continuous film at 15 A thickness, and the sputtered gold/palladium
produced 25 A grains with the thinnest continuous film at 18 A thickness.

Introduction _

The high resolution topographic capabilities of the STM (Binnig and
Rohrer, 1983) are of direct application in addressing many biological
structure questions. Unfortunately, imaging a typical biological molecule,
such as DNA, by STM has proven difficult. Reproducible results have
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been obtained for DNA in liquid electrochemical cells (Lindsay et al.,
1992) but a conductive coating is required for STM imaging of DNA in air
(Dunlap et al, 1993). These coatings should have the following
characteristics: electrically conductive, provide a uniform work function,
be physically and chemically stable air, extremely fine grained and very
thin.

Thermally evaporated films of C, Pt/C and Pt/C/Ir have been used as
coatings for STM of biological molecules (Wilkins et al., 1993; Stemmer et
al., 1989; Buhle et al., 1985; Gross et al., 1985; Amrein et al., 1989;
Zasadzinski et al., 1988; Wepf et al., 1991; Guckenberger et al., 1988; ).

Sputter coating has been shown to offer advantages over thermal
evaporation. Sputtered atoms have a higher kinetic energy than evaporated
atoms (Peters, 1986) and are more likely to bind to the substrate.
Consequently, the resulting film is more uniform and provides a better
geometrical representation of the surface (Wildhaber et al., 1985; Gross et
al., 1985; Winkler et al., 1985; Studer et al., 1981). In addition, the
minimum thickness required for a continuous film is reduced (Wildhaber
et al., 1985).

Ion-beam sputtered films have been shown to be more uniform and have
finer grain size than cathode sputtered films (Kemmenoe & Bullock, 1983,
Newbury et al., 1988). Ion-beam sputtered Pt has produced 10-12 A
grains (Kemmenoe & Bullock, 1983) as opposed to larger 17 A grains for
cathode sputtered films.

Our goals were the development of metal coatings sufficiently thin and
fine gramed that 1520 A features of biological molecules could be
resolved using STM, and the development of a substrate/coating system
which would allow complementary TEM information to be obtained for
films and biological molecules. We demonstrate in this paper that ion-
beam sputtered iridium on highly ordered pyrolytic graphite (HOPG) has
met both these goals.

Materials And Methods
HOPG substrate preparation

For STM substrates, a block (1 cm sq. by 3 mm deep) of HOPG (ZYA
Union Carbide) was attached to an aluminum SEM stub with colloidal
graphite and a fresh surface was prepared immediately prior to the
experiment by cleaving with adhesive tape in the usual manner.

High resolution TEM imaging required ultra-thin (< 30 A) HOPG
substrates. A flake was cleaved from the STM bulk HOPG (see above)
with adhesive tape. With the tape still attached, the flake was glued (Itoya
O'Glue, Torrance, Ca.) to a tungsten TEM grid with the tape side facing
away from grid. After the glue dried, the HOPG was again cleaved by
grasping the grid with one pair of tweezers and the tape with another and
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pulling the two apart from each other. This resulted in a very thin, nearly
transparent film of HOPG adhered to the glue surface on the grid. The
thick layer of glue holding the HOPG to the grid was subsequently
removed by floating the grid, cleaved surface away from water, on nano-
pure distilled water. = As the glue dissolves, the grid would invariably
release from the HOPG and sink to the bottom of the petri dish leaving the
HOPG floating on the water surface. This HOPG flake was picked up from
below the water surface with a clean TEM grid and refloated on clean
water in another petri dish. Since the HOPG flake at this stage is only a
millimeter square or less and nearly transparent it is best to perform these
steps while viewing through a low power stereo microscope. This
"washing" procedure was repeated 10 times and after the final wash, the
flake was picked up one last time on a clean TEM grid and air dried. The
result of this procedure is an HOPG substrate which has one freshly
cleaved surface that has not been in direct contact with any water solutions.
and is suitably thin enough for high resolution TEM darkfield analysis. All
HOPG substrates were prepared and used the same day.

Cathode Sputtered Gold-Palladium and Platinum Films

Cathode sputtering was performed in an oil diffusion pumped vacuum
evaporator (Denton DV 502). equipped with a liquid nitrogen baffle.
Au/Pd (60:40) or Pt targets were pre-sputtered directly prior to film
depositon to remove surface contaminants. The bell jar was purged 3 times
with research grade argon ( Air Products Tamaqua, Pa) and the samples
sputtered (Denton DSM-5A cool magnetron sputter coater ) at 60 mtorr
Argon pressure for 5 seconds with Au/Pd, or 4 seconds with Pt at a plasma
discharge current of 20 mA and a target to specimen distance of 12 cm..

Ion-Beam Sputter Coating of Iridium

The iridium films were produced in a cryo-pumped vacuum system
equipped with a 2.5 cm diameter ion sputter deposition gun (Ion Tech Inc.,
Fort Collins, Co). Prior to deposition, the system was pumped to a base

pressure of 8.7 x 105 torr. The ion-beam current and voltage operating
parameters were 50 mA and 700 volts, respectively. The target was
99.999% pure iridium and was positioned 15 cm from the HOPG
substrates. The ion gun, target and substrates were positioned such that the
deposition would be perpendicular to the sample surface.

Biological Samples

Nucleosomes were isolated from chicken erythrocyte nuclei by digestion
with micrococcal nuclease followed by H1 / H5 depletion of the solubilized
chromatin. The solubilized H1 / H5 depleted chromatin was redigested
with micrococcal nuclease until only core ,particles and traces of dimer

-3- 10/30/97




remained. The redigested chromatin was purified by 5-20 % sucrose
gradient centrifugation. 0.5 ml fractions, which contained either pure core
particles or largely dinucleosomes were dialyzed against a 1000 X excess of
cross-linking buffer (10 mM Triethanolamine HCL, pH 8.0, 25 mM NaCl)
overnight, followed by 100 ml of 2% glutaraldehyde in cross-linking
buffer overnight and 3 x 100 ml of cross-linking buffer over three days.

Ferritin, horse spleen, cationized molecules (Polysciences, Inc.) were
used fresh, as received from Polysciences, without any fixation or dilution.

A 5 ul solution containing biological molecules was applied directly onto
the HOPG surface for 3 minutes; briefly washed with nano-pure water and
then air dried. All biological samples for STM imaging were further
cathode or ion-beam sputter coated.

TEM operation

Samples were analyzed using a Philips 410 transmission electron
microscope equipped with a liquid nitrogen cold finger anti-contamination
device and a LaB6 filament. Brightfield and high resolution conical
darkfield images were imaged with 100 kv accelerating voltage and
photographed at a nominal magnification of 65,000. Brightfield images
were recorded at Scherzer defocus conditions. If the HOPG substrate
crystal diffraction artifacts seriously interfered with the specimen image,
the crystal was tilted a few degrees from the 0001 plane until they were
minimized. All images were made from single crystal regions of the
HOPG as determined by selected area electron diffraction. Regions that
were too thick to provide suitable darkfield contrast or large numbers of
crystal defects were avoided. TEM magnification was calibrated with a
high magnification carbon grating (Ladd Res. Ind.).

Thickness measurements of sputtered metal films was determined by
TEM using a technique in which the sputtered film is visualized on the
surface of 100 nm diameter gold spheres as described by Johansen (1984) .

STM operation

Scanning tunneling microscopy was performed under ambient conditions
in air using a commercial STM (Park Scientific Instruments) operated in
constant current mode with mechanically clipped probe tips of Pt/Ir, 80/20,
0.5 mm dia. wire (Alfa Research Chemicals). The bias voltage was
generally positive but negative bias voltages showed no observable
difference. Tunneling conditions were 0.5-0.7 volts with a tunneling
current of 0.1-0.2 nA. The majority of tips provided suitable resolution of
the metal film particles. When a tip became contaminated as observed by
image smearing or multiple imaging, the tip was occasionally recovered by
"conditioning" with a brief pulse of 2-3 volts. This would generally not
show any damage to the substrate, but if higher voltage pulses (>5 volts)
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were required, this would damage the substrate by punching a 5-10 nm
diameter hole in the coating down to the graphite substrate. If the tip could
not be recovered by the above method, it was replaced with a new tip. All
STM imaging of Au/Pd or Pt films was performed within the same day the
samples were prepared. Ir coated samples were usually produced in the
afternoon and kept under vacuum until they were imaged the following
day. Coatings that were to be directly compared with each other were
prepared and imaged consecutively with the same STM tip under identical
tunneling conditions. The data were collected at a scan rate of 1-5 Hz/scan
line at 256 pixel image resolution. All images were corrected for tilt in the
x direction by fitting a first or second order polynomial to an averaged x
line of all the x lines in the image and then subtracting this polynomial
from each horizontal line in the data. STM x - y calibration was based on
the known lattice constants of HOPG.
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3. Results '
Cathode sputtered Au/Pd and Pt films

Discontinuous films of Au/Pd or Pt are not suitable due to instability
during scanning. We experimentally determined the minimum stable
coating thickness for each type of film by generating a series of films in
which we gradually decreased the amount of deposited metal until the film
became unstable in the STM experiment. The instability was evidenced by
removal of metal clusters during repeated scans of the same area. The
minimum coating thickness required for stable tunnelling on Pt and Au/Pd
films on HOPG was determined to be 15 and 18 A respectively. The
Au/Pd films could be rescanned successfully for up to 1 week and the Pt
films for up to 3 days.

Characteristic minimum thickness films are shown in Figure 1 for Au/Pd
(A-C) and Pt (D-F). STM images (A and D, Bar= 1000 A: B and E, bar=
100 A) show closely packed particles. The particles appear smaller and
less packed in the TEM (C and F, bar = 100 A). Upon close inspection of
the TEM images, phase noise is apparent in the intervening space between
the strongly contrasted particles. Image analysis of several hundred TEM
imaged particles showed that the mean equivalent circular diameter £ 1 s.d.
of the Pd/Au particles was 25 £ 10 A and the Pt particles was 16 = 4 A.
Our results agree with the Au/Pd particles size of 23+10 A reported by
Echlin (1981) and 1634 A for Pt particles reported by Kemmenoe &
Bullock (1983). After completion of this study, Pt was chosen as the most
suitable metal for cathode sputtering and was used for all subsequent
experiments utilizing this sputter approach.

Ion-beam sputtered Ir films

The time series designed to determine the minimum coating thickness
required for stable Ir films is shown in Figure 2. The sputter times were 2
minutes (A and B), 1 minute (C and D), 30 seconds (E and F), and 15
seconds (G and H) with film thicknesses of 22 A, 15 A, 9 A and
approximately 5 A. STM images are shown in A,C,E, and G and the
corresponding TEM images are shown in B, D, F, and H. The 5 A thick
film proved to be stable for STM. TEM images of the 15 A Ir film
resemble the Au/Pd and Pt images, showing highly contrasted. particles
with intervening spaces. The 9 A and 5 A thick film TEM images are
essentially all phase noise but high resolution darkfield TEM imaging of
the 5 A film resolved very fine particles of 6-10 A dimension (Figure 2, I).
The Ir ion-beam sputtered films were more susceptible to air exposure than
either the Au/Pd or Pt cathode sputtered films. The best STM results were
obtained when the Ir films were scanned with 24 hours of air exposure.
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Coating of biomolecules

The height profiles for the biomolecules we study using STM range from

approx1mately 5 A to 60 A. In order to determine if the sputter coatings
would remain stable when contouring a b1010g1ca1 molecule, we coated
ferritin molecules with Pt or Ir and imaged using STM. Cathode sputtered
Pt coatings at ~20 A thickness and ion-beam sputter coatmgs of Ir at ~7 A
thickness were stable. The STM results are shown in Figure 3. The Pt
coated ferritin molecules (A ~160 A dia.) were larger than the Ir coated
ferritin (B,-~145 A). This size difference is consistent with the difference
in coating thickness. The diameter of ferritin less coating (~140 Ad)is
larger than the 130 A diameter previously reported ( Massover, 1993)
while the heights (60-85 A) are less. This observation is consistent with a
flattening of the unfixed molecules, but may also be influenced by STM
calibration. The z axis calibration is based on single graphite steps and is
not well suited for molecules with this height profile. This calibration
method may introduce error in the z measurements.

STM of Pt and Ir coated DNA-histone core particles was a direct
comparison utilizing the same core particle sample imaged in the STM on
the same day with the same tip under identical tunnelling conditions. Two
size classes of particles were visible in the Ir coated sample. The size of
the Pt coated particles (C, ~145 A d) is again greater than the size of the Ir
coated particles (D, ~126 A d), consistent with the difference in coatmg
thickness. The diameter of the larger particles less coating (~112 A) Is
consistent with the value determined by solution neutron scattering (110 A,
Imai et al., 1986) and X-ray crystallography (Richmond et al., 1984). The
height (~33 A) is lower than the expected 55 A which may be due to
calibration errors (see above) or molecule flattening. The smaller particles
are oblate (~70 A x 100 A) with dimensions similar to DNA depleted
histone octamers (70 A x 110 A, Burlingame et al., 1985).

4. Discussion

We have demonstrated that cathode sputtered Au/Pd and Pt on HOPG can
be used to produce very thin, continuous, stable coatings for STM in air.
By using HOPG as a substrate, we achieved for STM the minimum coating
thickness and small particle size previously achieved for -electron
microscopy (Echlin, 1981; Kemmenoe & Bullock, 1983). This contrasts
with the 100-150 A thick Au/Pd films required for stable tunneling on
mica substrate (Mantovani et al., 1990; Kemmenoe & Bullock, 1983). The
superior ion-beam sputtered Ir on HOPG has potential as a high resolution
coating for air STM of biological samples.

Cathode sputtering utilizes conventional equipment found in most electron
microscopy laboratories and commercially available metal targets of
suitable purity. The relative rarity of ultra pure iridium targets and ion-
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‘beam equipment limits the routine use of ion-beam sputter coatings. Our
strategy is to use cathode sputtered Pt to characterize sample binding
properties, contamination levels, etc. and then apply ion-beam sputtered Ir
in the final stages of sample analysis. We expect this combined approach to
yield high resolution STM images of biomolecules with minimal expense.
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FIGURE LEGENDS

Fig. 1. A series of STM and TEM micrographs of low voltage,
magnetron cathode sputtered Au/Pd ( 15 A film thickness) and Pt (18 A
film thickness) on HOPG. A) STM of Au/Pd, Bar = 1000 A. (B) STM of
Au/Pd, Bar = 100 A (C) TEM of Au/Pd, Bar = 100 A. (D) STM of Pt, Bar
= 1000 A. (E) STM of Pt, Bar = 100 A (F) TEM of Pt, Bar = 100 A. The
grains in the TEM images appear to be individual particles, each with a
light phase ring around the particle and separated by a space. The STM
images of the same films appear as closely packed spherical particles.

Fig. 2. A series of STM and bright field TEM micrographs of ion-
beam sputtered iridium deposited on HOPG at decreasing film thicknesses
by varying the ionbeam sputter time from 2 minutes to 15 seconds. All
images are printed at the same magnification to facilitate comparisons. (A
STM 22 A film thickness, (B) TEM 22 A film thickness, (C) STM 15
film thickness, (D) TEM 15 A film thickness, (E) STM 9 A film thickness,
(F) TEM 9 A film thickness, (G) STM 5-6 A film thickness, (H) TEM 5-6
A film thickness. (I) High resolution conical darkfield of 5-6 A film
thickness showing discrete particles not resolved in (H). The grain size and
roughness of the film decreases with decreasing film thickness. Bars = 100
A

Fig. 3. STM images of Pt coated (~20 A film thickness) and Ir coated
(~5 A film thickness) ferritin molecules and DNA-histone nucleosomes.
(A) Pt coated ferritin. (B) Ir coated ferritin. (C) Pt coated nucleosomes.
(D) Ir coated nucleosomes. The arrows in A and B point to individual
ferritin molecules. The Ir coated molecules appear smaller than the same
molecules coated with Pt.  Note the Z axis scale in B is 100 A compared
to 200 A in A.
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