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Abstract 

Thin cont inuous metal coatings and a 
scanning electron microscope-generated 
spot size in the range of the visualized 
particles , are necessary prerequisites if 
one hopes to extract high-resolution 
topographic information in the scanning 
electron microscope. Chemical fixation 
and dehydrat i on in organic solvents at 
room temperatu re lead to severe 
ultra struct ural artifacts which can be 
avoided by cryofixation and freeze-drying 
of the specimen. 0. 9 to 2. 7 nm thick 
h omogeneous layers of chromium and 
germanium can be deposit ed onto the sur­
face of cryofixed and freeze-dried speci ­
mens at high sub - zero temperatures by 
electron beam evapo rati on using "double­
axis rotary shadowing ". Theoretical cal ­
culations of the layer geometry of a 
double-axis rotary shadowed hemisphere 
and practical experiments on periodical 
test specimens demonstrate the usefulness 
of this technique. The resolution 
obtainable in an in-len s field emission 
scanning electron microsc ope is c lose to 
t ransmi ssion electron microscope studies 
and image reconst ruction s of the same 
specimens. Double - axis rotary metal 
shadowed immunolabelled specimens allow 
the detection of small colloidal gold 
markers in the backscattered electron ­
image. High topographic resolution is 
obtained in the secondary electron-image. 

Key-words· Thin metal films , high-resol­
ution scan ning electron microscopy , 
doubl e -a xis rotary shadowing, layer ge­
ometry , s urfa ce labelling, colloidal 
gold, electron beam shadowing. 
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Introduction 

Field emission electron microscopes 
allow one to work with an electron probe 
diameter of less than 1 nm (Hainfeld , 
1977) , resu lting in a theoretical 
resolving capacity of about the same 
dimension (Catto and Smith , 1973). 

The much poorer resoluti on obtained 
in co nventional sca nn ing electron micro­
scopy of biological specimens is due 
mainly to artifacts introduced by the 
preparation and coating of the specimen , 
as well as by the secondary electron (SE) 
signal generation on the specimen sur ­
face. Th e high-resoluti on topographic 
information provided by SE' s generated 
directly at t h e impa ct point of the 
primary e l ectron beam (SE I ) is usually 
obscured by a strong background signal , 
up to 75 % of the total SE yield (Schur et 
al. , 1967 ; Seiler , 1967; Peters , 1984; 
Joy , 1984). Thi s topographically unspeci ­
fic signa l i s generated by backscattered 
electrons (B SE's) which produce new 
secondary electrons , either on the sur ­
face of the specime n within the interac­
tion volume of the BSE 's (SE II ), or on 
surfaces of the microscope ( SE III) 
(Everh art et al. , 1959; Reimer et al. , 
1968; Peters , 1985) 

The follo wing fac tors s hould be co n­
sidered for high-resolution SEM: 

The SE I I I compon ent can be reduced 
by placing a n absorption plate between 
the last probe forming lens and the 
spec imen in conventional 
electron microscopes (SEM's) 
1982 a) . 

sc anning 
(P e ters, 

Th e SE III compon ent i s already 
signif i ca ntly reduced by positioning of 
the SE detector behind the conden­
ser/object ive lens in in-lens SEM's 
(Koike et al., 1971), 

The SE II signal can be greatly re­
duced by choos ing suitable specimen coat­
ing metals (Seiler, 1968; Pet e r s , 1982b; 
Joy , 19 8 4) s ince it is imp ossi ble to 
sepa ra te the SE I from the SE II signal; 
the SE II signal depend s on the amount 
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and interaction volume of the BSE. One 
should therefore choose metals with a 
small BSE yield and interaction volume. 

A homogeneous thickness and very fine 
metal grains (Peters, 1980) are among the 
important qualities that a high-resol­
ut ion metal film should exhibit. 
Continuity at a thickness thin enough to 
prevent levelling of the fine structures 
of the specimen surface is an important 
overall structural feature (Everhart and 
Chung, 1972). 

A light metal, e.g., chromium, first 
used by Steere (1957) for TEM replica 
studies and by Peters (1982b) in high­
resolution SEM coatings, that combines 
the above features, is an appropriate 
choice. 

Chemical fixation, followed by dehy­
dration and critical point drying is 
known to cause severe structural 
artifacts in biological specimens (Lee, 
1984). These can be partially avoided by 
rapid freezing and freeze-drying of the 
specimen, followed by shadowing at low 
temperatures. 

Penning sputtering while tumbling the 
specimen produces continuous high res­
olution 1 nm thick chromium films 
(Peters, 1982b). 

It seems technically difficult how­
ever, to provide constant cooling of the 
specimen while tumbling it during the 
lengthy sputtering process (several min­
utes are necessary to coat the specimen 
effectively under a moderate vacuum). 

This problem can be avoided by 
electron beam evaporation using a double­
axis rotary shadowing technique (DARS) as 
prop o sed by Shibata et al. (1984); 
generating homogeneous thin metal films 
at very low temperatures. They used DARS 
to produce deep-etched freeze-fracture 
replicas. During shadowing, the electron 
gun is moved from O to 90 ° while the 
specimen is rotated and cooled. 

Sputter i ng of SEM specimens seems to 
have several advantages in comparison to 
electron beam evaporation, though both 
methods lead to similar grain sizes 
(Chopra, 1966; Wildhaber et al., 1985). 

The kinetic energy per mole of 
shadowed atoms is 10 to 100 times higher 
in the case of sputtered atoms. That is 
around 50 kcal per mole of penning 
sputtered atoms (Peters, 1986). This is 
high enough to implant atoms in the 
specimen surface. The minimal needed en­
ergy according to Lewis and Campbell 
(1967) is 23.26 kcal/mol. 

Implanted atoms serve as nucleation 
centers. This leads to an increased nu­
cleation density and reduced surface 
migration in comparison to electron beam 
evaporation (Peters, 1986). 

Ion-sputtered films therefore co­
alesce more rapidly than electron beam 
shadowed films, at specimen temperatures 
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of -80 ° C as stated by Wildhaber e t. al. 
(1985). The scattering of the target 
atoms in penning sputtering is reduced; 
the target-substrate distance is smaller 
than the mean free path of the target 
atoms. The atoms are therefore directly 
deposited on the substrate (Echlin, 
1981). This makes it necessary to tumble 
the specimen in order to obtain a homo­
geneous metal coat. 

DARS by electron beam shadowing per­
mits work at very low specimen tempera­
tures. Reduced specimen temperatures in­
crease the nucleation density (Neuge­
bauer, 1970); whereas the surface dif­
fusion (Wildhaber et al., 1985), the 
grain size of the condensed atoms 
(Echlin, 1981), and the thickness at 
which the metal films reach continuity 
(Kashchiev, 1978) are also reduced con­
comitantly. Working at low specimen tem­
peratures therefore should overcome most 
of the disadvantages of electron beam 
evaporation in comparison to penning 
sputtering at room temperature. 

In this SEM study we demonstrate the 
high topographic resolution in the SE­
mode using double-axis rotary light metal 
shadowing of both familiar biological 
specimens (previous TEM study), and 
immunogold labelled specimens. Cryo­
methods were used for specimen prepara­
tion. A mathematical model of the used 
shadowing technique is also presented. 

Materials and Methods 

Specimen preparation 
T4 polyheads. T4 polyheads we r e 

mixed in suspension with 10 nm gold (Slot 
and Geuze, 1985) and adsorbed onto glow­
discharged carbon coated copper grids. 
After washing in distilled water they 
were frozen by plunging into liquid 
ethane. The rapidly frozen T4 polyheads 
were then freeze-dried and DARS coated as 
described below. 

Saccharcmyces cerevisiae, Yeast cells 
were starved in distilled water for a day 
and subsequently frozen in a propane jet 
(Muller et al., 1980; Muller and Moor, 
1984). The yeast cells were freeze-frac­
tured at -120 ° Cat a vacuum greater than 
5 x 10- 7 mbar and subsequently freeze­
dried and DARS coated as described below. 
The fracture faces were backed with a 40 
nm thick carbon layer after metal 
coating. The biological material was dis­
solved away in sulfuric acid and house­
hold bleach . The carbon backing was sub­
sequently increased to about 100 nm in 
order to approach a typical SEM sample. 

Human red blood ce 11 s . Red blood 
cells, prepared according to Walther et 
al. (1984), were labelled with a commer­
cially available antibody against total 
red blood cell protein (Dako A- 104, 
Dakopatts, Denmark) . The first antibody 
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was visualized by a 10 nm gold coupled 
secondary antibody (Janssen Pharma ­
ceutica) . The labelled cells were ad­
sorbed onto g l ow discharged carbon plate­
l ets (3 x 2 x 0.1 mm; Goodfellow metals , 
Cambridge, England ) . They were rapidly 
fro zen by plunging in liquid propane. The 
cells were freeze - dried and subsequently 
double - axis rotary s h adowed as described 
below. 

7 reeze drying Freeze-drying for 1 h 
at -85° C and subsequent electron beam 
evaporation was carried out at a vacuum 
greater than 5 x 10- 7 mbar in a Balzers 
BAF 300 freeze - etching device equipped 
with a turbo molecu l ar pump and a liquid 
nitrogen trap . 

Double-axis rotary shadowing. 
Specimens can be homogeneously shadowed, 
when the electron gun is continuously 
moved through a predetermined arc while 
the specimen is rotated and cooled. A 
Balzers BAF 300 freeze-etching device was 
appropriately modified; the electron gun 
was mounted at a distance of 15 cm from 
the speci men on an aluminum arm that 
cou l d be turned back and forth 
continuously through a maximal arc of 90° . 
The arm was moved by a microprocessor 
controlled stepmotor (Phytron) at a speed 
of 30° per second. The tilt-axis was on 
the level of the specimen . 

The total amount of evaporated metal 
was measured with a quartz crystal 
mounted on the aluminum arm perpendicular 
to the electron gun at the level of the 
tilt-axis. The evaporation process (evap­
oration rate and amount of metal de­
posited) was controlled by means of a 
shutter. Chromium and germanium were 
evaporated by commercial Balzers electron 
guns (Moor, 1970). Small pieces of chro­
mium and germanium inside a tungsten wire 
basket were positioned in the center of 
the heating coil. During evaporation, the 
specimen cold stage rotated with maximum 
speed (114 rpm) . Evaporation was carried 
out at a specimen temperature of -85 ° C 
and a vacuum better than 5 x 10- 7 mbar. 
The total amount of evaporated metal as 
measured with the quartz crystal was 4 nm 
on all the specimens shown in this paper. 

Layer calculation for DAR$ of a hemi­
sphere 

DARS of a small hemisphere which is 
representative of a biological surface 
particle can be formulated as fol l ows: 

1 rt/2 -ip-M 

I = _ 1
0 
fo [ 2 cosip coso sinH0 + 2 sinip sino H0 ] do 

21tN 
it /2 

+ J I 1
0 

( 2 1t sinip sino)] do 

rt/2 - tP 
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with: 
1 

Ho = 1e12 + arctan [ sino sinip Y _______ ) (0) 
cos2s - sin2ip 

I: Thickness of the evaporated material on a 
surface point of a hemisphere . The thick­
ness is measured perpendicular to the sur­
face of the hemisphere . The hemisphere is 
rotated about the z-axis while the electron 
gun is conti nuously moved through a prede­
termined arc. 

Jo: Total amount of evaporated material per unit 

time. The distance at which data are 
measured is equal to that of the electron 
gun/hemisphere surface distance. 

S Angle of incidence of the electron gun. 

tP Geographical latitude at a point on the 
hemisp here. 

Ho: Half segment angle of the shadowed region at 
parallel latitude (shadow-border of the 
electron gun) . 

N : Number of numerical integration steps. 
d.O : Value of a single numerical integration 

step. 

The formula of layer thickness at a 
point on the hemisphere when tilting the 
electron gun is composed of two integrals 
(0). The first expresses the layer 
thickness when the incident angle of the 
electron gun causes shading of the hemi­
sphere (at the geographical latitude of 
the chosen point) . The second integral 
represents the layer thickness of the 
same point at incident angles of the 
electron gun which do not cause any 
shading. 

Due to the complexity of the first 
integral, numerical values were calcu­
lated by numerical integration of the 
angle of incidence of the electron gun 
"a" . This results in values between 0 and 
1 for the layer thickness "I" at a given 
point of the hemisphere, representing the 
reduction of the total amount of evap­
orated material "I 0 " • 

Keeping the incidence angle "a" con­
stant, permits one to use (0) as an 
equation for fixed-angle rotary shadowing 
of a hemisphere. 

The formula takes into consideration 
shading effects on the hemisphere caused 
by the position of the electron gun. It 
does not take into acco un t however, any 
decoration effects or self-shadowing of 
the metal grains. 

The formula f or DARS of a small hemi­
sphere is explicit l y derived i n the Ap­
pendix. 

Electron Microscopy 

The sa mples were examined in an 
analytica l TEM with scanning attachment 
and a LaB 6 - cathode (H-600 , Hitachi) . The 
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microscope has an electron probe size of 
2 nm at 100 kV. The specimens were kept 
at -100 ° C during observation by means of 
a Gatan cryoholder in order to reduce 
surface migration of contaminants. Micro­
graphs were taken at primary magnifi­
cations of 100,000 times. 

The influence of the physical charac­
teristics of the microscope on the res­
olution (electron probe size diameter, 
accelerating voltage) was evaluated by 
working with a field emission in-lens SEM 
(S-900, Hitachi) as a second microscope. 
Its probe size is well below 1 nm at 30 
kV (Kuroda et al., 1985). Micrographs 
were taken at a primary magnification of 
200 ,000 times. 

The yeast cell replicas (plasmatic 
fracture faces) were observed with the 
metal layer facing the electron beam. 

Both microscopes were equipped with a 
standa rd Everhart Thornley SE-detector 
and a BS-detector of the YAG-type 
(Autrata et al., 1986). 

Results 

Layer thickness calculations of the 
evaporated coating film for DARS on a 
hemisphere were used to evaluate appro­
priate tilt ranges of the electron gun. 
The calculated layer was practically 
homogeneous for a gun tilt range of 5 to 
45 ° . The maximal possible tilt range of 0 
to 90 ° resulted in a layer 3 times thicker 
at the top of the hemisphere than at the 
bottom (Fig.l). 

The influence of the coating material, 
tilt range of the electron gun during 
DARS, and the microscope's physical 
characteristics, were evaluated in prac­
tical experiments. 

The DARS formula presented herein 
does not take into account self-shadowing 
of the metal grains or decoration effects 
(Konig and Helwig, 1950; Basset, 1958; 
Peters, 1986). Rotary shadowing at a 
fixed angle of 18° (Landmann and Roth, 
1985; Peters, 1986; further verified by 
using the formula herein presented), and 
DARS, tilt range of evaporation source 
from 5 to 45 ° (Fig.1), according to theor­
etical calculations, result in a practi­
cally homogeneously thick coating of the 
model hemisphere. Fig. 2B shows a freeze­
dried T4 polyhead rotary shadowed with 
chromium (total amount 4 nm) at a fixed 
angle of 18 °. The capsomeres of the T4 
polyhead are completely obscured by 
coarse metal grains due to self-shadowing 
and decoration effects. These are reduced 
by DARS using a gun tilt range from 5 to 
45 ° (Fig. 2A). 

German i um and chromium DARS coated 
rapidly frozen and freeze-dried T4 
polyheads (gun tilt range 0 to 90 ° ) 
yielded low signal when visualized in the 
BSE-mode (Figs. 3B and D). This indicates 
a very low amount of BSE and therefore of 
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rel. thickness 
1 n pe1·cent 

100 

so 

10 

50° 

0° - 90° 

90° 

geographical latitude 
on the hemisphere 

Fig. 1. Calculations of film thickness 
with varying tilt ranges of the electron 
gun on a hemisphere coated by DARS. The 
thickness of the coating material is 
plotted for different points on the 
hemisphere, from the bottom of the 
hemisphere to the top. The position of 
the single points is given by their 
geographical latitude; the layer 
thickness is stated as a percentage of 
the total amount of metal evaporated 
(measur ed perpendicular to the electron 
gun). The different graphs represent 
different tilt ranges of the electron 

un. 

SE II and SE III. Chromium coated T4 
polyheads permitted the visualization of 
substructures in the SE-image. Single 
phage head capsomeres with a diameter of 
8 nm (Laemmli et al., 1976) could be dis­
cerned (Fig. 3A). Germanium coated 
samples (Fig. 3C) revealed only the lat­
tice structure of the periodically ar­
ranged capsomeres (space to space dis­
tance 13 nm, Laemmli et al., 1976). The 
micrographs were taken in an analytical 
TEM with scanning attachment at 100 kV. 

Figs. 4A and C show the same samples 
as Figs. 3A and C, respectively, visual­
ized in a Hitachi S-900 operated at 30 
kV. The probe size diameter of less than 
1 nm and the properties of the applied 
chromium coat by DARS (fine metal grains, 
homogeneous with a thickness of 0.9 to 
2. 7 nm, low BSE coefficient and a small 
interaction volume of the BSE) permits 
visualization of acutely shaped capso­
meres (Fig. 4A) . The ringlike structure 
of the capsomeres and their six subunits 
can be discerned. The SE-image rather 
exceeds the information directly avail­
able from TEM preparations. 

Germanium coated samples do not allow 
the visualization of any polyhead sub ­
structures in the S-900 (Fig. 4C). 
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Fig. 2. T4 polyheads rotary shadowed with chromium at 18 ° (B) and OARS coated 
with chromium at an electron gun tilt range of 5 to 45 ° (A) .The specimens are 
visualized by TEM. 

Both shadowing techniques should result in a homogeneous coating layer as 
theoretically calculated. This is not the case after rotary shadowing at 18 ° . 
This discrepancy is due to self-shadowing effects of the metal atoms at low 
evaporation angles (B). (A) reveals fine metal grains. The black spots represent 
10 nm gold particles. 

An electron gun tilt range of 5 to 45 ° 
permits the visualization of capsomeres 
in the SE-mode (with chromium as coating 
material) . Topographic structures of the 
polyheads however appear levelled (Fig. 
4B); the capsomeres are less precisel y 
discernible from each other than after 
OARS with a gun tilt range of Oto 90 ° . 

Coating layers consisting of large 
metal grains obscure structures of the 
specimens. Platinum/carbon was used as a 
coating material in Fig. 4D (gun tilt 
range O to 90 ° ) . Single platinum/carbon 
grains, but no subunits of the capsomeres 
can be discerned. 

Carbon backed replicas of starved, 
rapidly frozen, freeze-fractured and 
freeze-dried yeast cells were used as a 
second test specimen with small periodic 
surface structures. The replicas were 
observed with the metal side towards the 
electron beam. Intra-membrane particles 
therefore appeared dark in the SE-image. 
Single ringlike structures (10 nm in 
diameter) of the hexagonal packed areas 
on the plasmatic fracture face of the 
plasma membrane (Gross et al., 1978a) 
could be visualized with chromium and 
germanium as coating metals (gun tilt 
range O to 90 ° ) . The S-900 (Figs. SC and 
O) here again supersedes the H-600 (Figs. 
SA and B), providing superior topographic 
resolution due to its smaller spot size 
at lower kV. 

The localization of surface antigens, 
receptors and lectin binding sites may 
become an important field of application 
of high resolution SEM. The identifica­
tion of sma ll colloidal gold markers, 
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with dimensions used for TEM immuno­
cyt o chemistry (5 15 nm), is usually 
obs c ured by surface structures or con­
taminants of similar size in the 
secondary electron-image. The material 
dependent signal of the backscattered 
electrons has to be combined with the SE­
image to obtain an unambiguous localiz­
ation of the surface markers (Sieber-Blum 
et al., 1981; Trejdosiewicz et al., 1981; 
Walther et al. , 1983; Walther and Muller, 
1986) . Generally the labelled specimens 
are coated with 5 - 10 nm carbon. This 
carbon film prevents perturbation of the 
ESE-signal. 

Gold labelled, rapidly frozen and 
freeze-dried red blood cells exhibited 
improved topographic resolution compared 
to carbon coated specimens when they were 
OARS coated with chromium or germanium 
(tilt range O to 90 ° ). The thin 

homogeneous light metal films did not 
interfere with the visualization of 
colloidal gold particles (diameter 10 nm) 
in the BSE-image. 

Red blood cell surfaces normally 
appear smooth and exhibit little struc­
tural details (Walther and Muller, 1986). 
The red blood cell micrographs (Figs. 6 
and 7) exhibit a wrinkled surface due to 
inadequate freezing and partial collapse 
as a consequence of complete dehydration. 
The wrinkled surface was employed as a 
test surface to hinder the otherwise 
facile detection of the gold markers; the 
small structural detail resolution could 
be guaged in serial stud i es with varying 
accelerating voltages , ranging from 100 
to 25 kV in the H-600 (Fi g . 6) and from 
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Fig. 3. OARS of freeze-dried T4 polyheads with chromium (A and E) and germanium 
(C and D) as coating material (gun tilt range Oto 90° ). The micrographs are 

taken in an analytical TEM with scanning attachment (H-600, Hitachi) at 100 kV. 
The specimens yield little signal when visualized in the ESE-mode (E and D). 
This indicates the absence of a strong ESE-, SE II- and SE III-signal, 
respectively. 

Gold particles in C and D and a dirt particle in A and E verify that the 
images were taken at the same place. 

20 and 10 kV in the S-900 (Fig. 7). 
The ESE-signal of the gold particles 

increased with decreasing accelerating 
voltage. The concomitant enlargement of 
the electron probe diameter with de­
creased accelerating voltage resulted in 
reduced topographic resolution in the SE­
image. The topographic resolution in the 
SE-image was still sufficient at 50 kV 
and the detection of single gold par­
ticles in the ESE-mode was possible 
(Figs. 6E and F). 

Reduction of the accelerating voltage 
from 20 to 10 kV in an S-900 yielded 
identical topographic information, with 
an increased ESE-signal at 10 kV. This 
also improved the visibility of the gold 
particles in the SE-image. 
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Discussion 

The aim of the present study was to 
obtain high-resolution information 
revealed through improved thin continuous 
metal coating thereby providing struc­
tural information of biological samples 
while avoiding the introduction of 
artifacts by chemical fixation and dehy­
dration. Cryofixation rather than chemi­
cal methods, are combined herein with 
electron beam shadowing in an effort to 
maximize structural preservation. 

Low specimen temperatures during the 
evaporation process (-85° C) prevented 
untoward effects of electron beam 
shadowing (lower nucleation density, 
higher surface migration, higher 
thickness at which the films coalesce ) . 
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Fig. 4. DARS coated T4 polyheads, visualized in a field emission in-lens SEM 
with an electron probe size of less than 1 nm at 30 kV ( S-900). 
A: Chromium, gun tilt range Oto 90 °. 
B: Chromium, gun tilt range 5 to 45 °. 
C: Germanium, gun tilt r ange Oto 90 ° . 
D: Platinum/carbon, gun tilt range Oto 90°. 
Chromium coated T4 polyheads permit the visualization of polyhead substructures 
(phage head capsomeres). The ring-like structure and the single subunits of the 
capsomeres can be discerned. Polyhead substructures appear levelled in T4 
polyheads DARS coated with chromium with a gun tilt range from 5 to 45 ° , 
although capsomeres are discernible. There are no discernible structures in 
germanium coated specimens. The platinum/carbon grains obscure the underlying 
polyhead structures in platinum/carbon DARS coated T4 polyheads. 

1221 
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Fig. 5. Replicas of the plasmatic fracture face of yeast cells. Rapidly frozen 
samples were freeze-dried and DARS coated (gun tilt range Oto 90 °). The replicas 
were backed with 100 nm of carbon and examined with the metal coat facing the 
electr on beam. Figs. A and Care DARS coated with chromium, Figs. E and D with 
germanium. The accelerating voltage was 100 kV in the H-600 (Figs. A and E) and 
30 kV in the S-900 (Figs. C and D). 

Substructures of th~ hexagonal patterns on the plasmamembrane canoe dis­
cerned in all micrographs. 

The results were comparable to penning 
sputtering at room temperature (Peters, 
198 5) . High vacuum conditions and large 
liquid nitrogen cooled traps reduced the 
contamination of the specimen. The heat 
impact on the specimen was reduced by 
outgassing of the electron gun prior to 
shadowing and by the implementation of 
ion deflection plates (Abermann et al., 
1972). 

Very low voltage sputter coating 
produces thin metal films without 
tumbling of the specimen. Echlin et al. 
(1985) obtained fine grained films in 
this way. Unfortunately, these films were 
either discontinuous or too thick for 
high-resolution studies due to effects of 
the low vacu.um during the sputtering 
procedure. 

7222 

Fig. 6. Rapidly frozen and subsequently 
freeze-dried red blood cells, labelled 
with 10 nm gold and coated with chromium 
by DARS (gun tilt range 0 to 90 ° ) . 
Examination in an analytical TEM with 
scanning attachment (H-600) at 100 kV (A 
and E), 75 kV (C and D), 50 kV (E and F) 
and 2 5 kV (G and H) . The topographic 
resolution decreases (due to the in­
creasing electron probe size at lower kV) 
and the ESE-signal increases with 
decreasing accelerating voltage. Optimal 
conditions for the resolution of the gold 
particles in the ESE-image and good 
topographic resolution in the SE-imag e 
are reached at 50 kV. Circles denote th e 
same area. 
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Fig. 7. The same samples as Fig.6. 
at 20 kV (A and B) and 10 kV (C and 
graphic information is identical at 
increases at 10 kV and improves the 
ima e. 

Examinati on in a field emission in-lens SEM 
D). Circles denote the same area. The topo­
both accelerating voltages . The BSE-signal 
visibility of the gold particles in the SE-

Evaporation of chromium by DARS with 
a gun tilt range of O to 90° provided 
optimal resolution on the T4 polyheads 
used as test specimens (Fig. 4A) . The 
resolution obtained was comparable with 
image reconstructions of TEM micrographs 
of T4 polyheads (Laemmli et al., 1976). 
Calculation of the layer thickness of a 
hemisphere coated by DARS with a gun tilt 
range of 5 to 45° gave a nearly 
homogeneous layer. At a gun tilt range of 
0 to 90°, the layer was 3 times thicker at 
the top of the hemisphere than at the 
bottom of the hemisphere. The latter gun 
tilt range thus increases heights of 
small round particles. This could explain 
the levelled appearance of topographic 
structures with chromium DARS, gun tilt 
range 5 to 45°, and the better resolution 
obtainable with a gun tilt range of Oto 
90°. 

A gun tilt range of Oto 90° further 
produces a continuous metal film on 
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highly structured biological specimens. 
The homogeneity of thickness of the metal 
film could be additionally improved by 
varying the velocity of the electron gun 
according to Fig. 1. This requires a more 
sophisticated step-motor control system, 
as yet unavailable. 

Peters (1986) cited a deposition 
factor (identical to relative thickness 
in percent) of approximately 1/4 of the 
measured metal film thickness for 
sputtering of a tumbling model cylinder. 
The choice of a cylinder as a model 
specimen avoids the problems of changing 
shading borders as encountered in round 
specimens. 

Landmann and Roth (1985) calculated 
the layer thickness of a rotary shadowed 
hemisphere in z-direction. Their formula 
included, as in this study, shading ef­
fects by the gun itself. The shading 
effects were approximated by a linear 
interpolation of the shading borders. 
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This interpolation artificially minimizes 
values when the incident angle of the 
electron gun is greater than 45 ° ; the 
relationship, however, is not linear 
according to our calculations (Fig. 1) . 
An equation for uni-directional shadowing 
was employed as a core expression. Their 
rotary shadowed layer geometries at 25° 
and 45° correspond to layer calculations 
with the formula presented in this study, 
setting the incident angle nan at 25 ° and 
45 ° , respectively. 

The model used in this study does not 
incorporate the effects of self-shadowing 
(Konig and Helwig, 1950) or decoration 
(Basset, 1958). One should therefore take 
this into consideration when values for 
low angle rotary shadowing or for low 
angle DARS with small gun tilt ranges are 
computed. Calculation of rotary shadowing 
at 18 ° results in a homogeneous layer 
thickness . T4 polyheads, rotary shadowed 
with chromium at this angle, exhibited 
coarse metal grains in TEM. The specimen 
structures were completely obscured due 
to self-shadowing of the metal grains 
(Fig. 2B) . DARS of T4 polyheads with a 
gun tilt range of 5 to 45 ° (calculation 
results in a homogeneous layer thickness) 
permitted the visualization of the 
polyhead substructures in TEM (Fig. 2A). 
The relative large arc described by the 
electron gun and the movement of the gun 
reduced self-shadowing of the metal atoms 
in this case. 

Germanium coating did not permit 
visualization of the fine structure of T4 
polyheads in the SEM, although hexagonal 
patterns in yeast membranes could be 
discerned. This discrepancy could be 
explained by the difference in size 
between the two structures (dimensions of 
the part of the particles that protrude 
out of the plane) and the strong tendency 
o f germanium to migrate (Wildhaber et 
al., 1985), thus levelling the topo­
graphic differences of the capsomeres. 
The contrast of germanium, in comparison 
to chromium coated specimens as observed 
in the SEM, was greatly reduced. 

Chromium DARS permitted the 
visualization of gold in the BS-image. 
The background noise was not enhanced in 
comparison to carbon coated specimens 
(Walther et al., 1984; Walther and 
Muller, 1986). The SE-image of light 
metal coated specimens permitted better 
topographic resolution than of carbon 
coated specimens . Wrinkled surfaces, 
caused by inad equate freezing and partial 
collapse as a consequence of complete 
dehydration, were chosen in order to 
obtain fine topographic structures. The 
surface of well frozen red blood cells 
appears smooth (Walther and Muller, 
1986) . 

Comparison of the BS- and SE-images 
at different accelerating voltages is 
advised in order to find the best working 
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conditions. 
The concomitant increase of the BS­

signal with decreasing accelerating 
voltage permits visualization of much 
smaller marker particles (e.g., 3 nm 
gold) at low voltages , provided that the 
electron probe si:z;e remains small . This 
is true in the S-900. The use of smaller 
gold particles not only improves the 
labelling efficiency (Slot and Geuze , 
1984) but could also lead to more precise 
marker systems that would permit 
submolecular mapping. Contamination of 
the specimen during observation in the 
microscope is a serious limitation of 
high-resolution scanning electron micro­
scopy. It is generally encountered when 
small electron beam sizes are used (Hren, 
197 9) . The acquisition of optimal results 
was complicated by a very high rate of 
contamination on all freeze-dried 
samples. Micrographs, as seen in Fig. 
4A, could in fact only be obtained during 
the first scan. We believe that the 
microscope vacuum was not the source of 
contamination but the specimen itself. 
Contaminants are released from the 
specimen as a consequence of radiation 
damage (Engel, 1981) and spread over the 
scanned area by surface diffusion (Wall, 
1980). Cooling the specimen reduces 
surface diffusion as demonstrated in Fig. 
6 where the same specimen area was 
recorded 8 x 100 seconds with different 
accelerating voltages at a magnification 
of 100,000 times. The specimen was kept 
at -100 ° C. High-resolution scanning elec­
tron microscopy can therefore only be 
efficiently executed when the specimen is 
cooled during observation. 

Outlook 

Further lowering the specimen 
temperatures during metal evaporation on 
the freeze-dried specimens would permit 
production of thinner homogeneous metal 
layers, reduced nucleation density, 
smaller grain sizes of the condensed 
atoms and reduced surface diffusion. This 
procedure is feasible at very low tem­
peratures in an ultra high vacuum freeze­
etch apparatus (Gross et al., 1978b) 

A penning sputtering or ion sput­
tering device could be adapted to cryo­
methods, incorporating the DARS tech­
nique. Movement of the metal source 
during sputtering on a rotated and cooled 
specimen could produce finer grained and 
thinner homogeneous coating layers. 

A high vacuum cryo-transfer system 
would further circumvent shrinking ef­
fects caused by warming to room tem­
perature post freeze-drying (Boyde et 
al., 1977) and in addition would avoid 
alteration of the coating layer by 
avoiding exposure of the specimen to 
atmospheric conditions. 
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Appendix 

Derivation of the formula for PARS on a 
hemisphere 

The formula for OARS (0) is essen ­
tially a fusion of a formula of physical 
climatology (1) and an expression for the 
shadow - border of a r otary shadowed 
spherical specimen (2,3,4 and 5 ). 

rt/2 - cp - t.6 

[ 2 coscp cos& sinH0 + 2 sin4> sin& H0 ] d6 

21tN 

rt/2 

+ f [ 10 ( 2 n sin4> sin&)] d6 

rt/2 - 4> 

with : 

1 

Ho = rc/2 + arctan [ sin& sin4> -V ______ _ 
(0) 

Physical climatology formulates the 
sun radiation impact on the earth atmos ­
phere as fo l low s : 

with: 

IT = 2 I0 ( cos4> cos6 sinH0 + sin4> sin& H0 ) 

(Blatter et al. , 1984) 

lo : Sun radiation intensity per unit time. 

6: Declination of the sun . 

( 1) 

Ho: Half angle of the radiated region segment on 
a parallel latitude. 

The shadow border Xt for fixed - angle 
rotary shadowing is: 

with: 

Ro: Radius of the hemisphere. 

(Winkler, 1986) 

(2) comb ined with the equation 
sphere : 

results in: 

z2 

Yt = ± -/ ( Ro - ) 

cos26 

(2) 

for a 

( 3 ) 

( 4) 
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Inserting (4) in (2 ) gives: 

x,= - tan& z ( 5 ) 

looking at a parallel latitude with the 
height z , H0 can be described as 

H O = a + rt/2 < 6 l 
with : 

a= arctan 

A point on the hemisphere has the h eight: 

z = Ro sin4> (7) 

Inserting (4) and (5) in (6) while 
replacing z with (7) gives: 

Ho = rc/2 + arctan [ sin& sin4> -/ _____ ( 8) 

cos2& - sin2cp 

The expression under the radical is 
undefined for incident angles, 6 ~ 90° - 4>, 
of the electron gun. Th e region bounded 
by this ang l e is never shaded; H0 is al-
ways equal to 180°. 
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Discussion with Reviewers 

K.-R Peters: What are the advantages of 
your deposition technology compared to 
similar approaches? We introduced 
tumbling not only to establish an evenly 
thick coating (Peters, 1980), but more 
importantly, as a means to overcome the 
self-shadowing phenomena described by 
Konig and Helwig (Peters, 1986). Our 
rational was that a 90 ° impact angle of 
metal atoms is required to create new 
nucleation sites in shadowed gaps between 
metal atom clusters. Our measurements 
showed for the first time that not a 
continuous 90 ° exposition of shadowed 
areas is required but that an occasional 
exposure is sufficient to eliminate self­
shadowing effects. Every surface plane of 
the specimen must however pass through 
that 90 ° tilt angle var:.a:.ion. At such 
angles your system however does not 
provide even coating. At other angles you 
may establish even coating but you will 
also restrict the 90 ° tilt-impact area to 
only a fraction of the surface of a 
hemispherical particle (sides of par­
ticles) . In the remaining surface areas 
self shadowing is enhanced and will lead 
to discontinuity and increased metric 
thickness of the metal film; both are 
undesirable effects. Compared to 
tumbling, this is a limitation of your 
technology. How do you assess this dis­
advantage with the advantage of low 
temperature application? 
Authors: We agree with your conclusions 
regarding the dependence of the coating 
thickness and the elimination of self 
shadowing effects on the tilt angle 
variation. This must be 0 to 90°. Under 
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these conditions, DARS of a hemisphere 
can only produce continuous films of 
approximatively homogeneous thickness if 
the angular speed is varied according to 
Fig. 1. This compensates for the 
approximatively three times thicker 
coating of the top of the hemisphere as 
compared to the side (see Discussion). 

In contrast to tumbling, DARS permits 
separate control of rotation and angular 
movement, and may therefore facilitate 
theoretical predictions. On the basis of 
our calculations, which include self­
shading effects of the specimen as a 
function of the position of the metal 
vapour source, we believe that tumbling, 
at best, gives identical results to DARS, 
e.g., a three times thicker coating of a 
hemisphere at the top than at the bottom . 

DARS was chosen as a coating 
procedure because it can be relatively 
easy combined with preparation procedures 
based on cryofixation, i.e., freeze 
drying, which at present seems to be the 
only way to achieve adequate structural 
preservation. 

K -R Peters· How effective is DARS when 
compared with tumbling in reducing self­
shadowing in evenly thick coatings? 
Direct comparison is possible through 
evaluation of your Fig. 2 and Fig. 24 in 
Peters, 1986. We proposed a 18 ° fixed tilt 
and rotating deposition for even coating 
but dismissed this technique and replaced 
it by tumbling. Why does DARS produce 
even worse effects than 18 ° fixed tilt 
rotation (Fig. 2)? 
Authors· Fig. 2A shows a TEM micrograph 
of a T4 polyhead, DARS coated with chro­
mium. The gun tilt range was 5 to 45 ° , 
which, with respect to the reduction of 
self-shadowing effects, is sub-optimal. 
Considerable improvement over fixed angle 
rotary shadowing (Fig. 2B) is however 
evident. A direct comparison with your 
Fig. 24 (Peters, 1986) is not possible 
due to considerable differences in the 
formation of the coating layer after pen­
ning sputtering (nucleation density, 
surface migration of the metal atoms) and 
electron gun evaporation. 

BY Johansen: Two of the specimens used 
in this investigation (T4 polyheads and 
the "etched out" yeast cells) can hardly 
be called bulk samples in the conven­
tional sense of SEM; as far as I have 
understood both were supported by thin, 
glow-discharged carbon films. 

If they instead were placed on bulk 
supports of either graphite or silicon, 
would you expect the same nice resolution 
yo u have shown in Fig . 3A and 4A, or 
would you consider it impossible due to 
the larger number of SE II produced by 
BSE as they reenter from the excitation 
volume of a bulk support? 
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Authors: There is not yet enough experi­
mental evidence to qualify an answer. The 
work of Peters (1986) however supports 
that similar resolution can be obtained 
from a bulk sample. Optical filtration of 
Fig. 4A indicates that significant bio­
logical structures of 3 nm can be re­
solved of an idealized periodic test 
specimen. The specimen was specifically 
chosen to compare TEM and SEM per­
formance. 

One cannot expect, however, to im­
mediately reach this level of resolution 
on the surface of more typical biological 
specimens. We shall be pleased if we can 
obtain topographic information of sig­
nificant surface details in the 5 nm 
range. Suitable specimen preparation in 
conjunction with instrumentation and 
signal generation are important in 
achieving this goal. Real biological bulk 
samples pose additional problems, i.e., 
charging. The prevention of charging may 
involve chemical modification of the 
sample; this may interfere with the pre­
servation of macromolecular structures, 
i.e., the 3 nm subunits of the capsomeres 
of T4 polyheads shown in Fig. 4A. 

A.T. Marshall: Can images, from uncoated 
freeze-dried specimens, be obtained with 
a field emission in-lens SEM at very low 
voltages (< 5 kV) which are in any way 
comparable with your images at 30 kV from 
coated specimens? 
K -R Peters· You show only images taken 
in FE-SEM at high accelerating voltages 
above 4 kV. It was previously strongly 
suggested by one of the authors, and 
Monte Carlo simulations by others, that 
this microscopy also should give better 
contrast and even better resolution at 
voltages below 4 kV, especially at 1 kV. 
What are your experiences at such low 
voltages? 
Authors: We (R. Hermann and M. Muller) 
have very limited experience with SEM at 
accelerating voltages< 5 kV. Fig. 4A 
shows a resolution of significant 
biological structures of 3 nm taken in 
the S-900 at 30 kV with a theoretically 
predicted probe diameter of approximately 
0. 5 nm (Nagatani T, Saito S, Sato M, 
Yamada M , 1987. Development of an ultra 
high resolution scanning electron micro­
scope by means of a field emission source 
and in-lens system. Scanning Microsc., 
.l..l..J...l.., 901 909.) . We were able to 
demonstrate the ringlike capsomeres at 20 
kV (theoretical probe diameter approxi­
mative ly 1 nm) but there was no trace of 
the subunits. The probe diameter at 4 kV 
ranges from 2 to 4 nm depending on the 
method of calculation. No acceptable 
results could be obtained at this accel­
erating vo ltag e ; due largely to problems 
of charging and contamination. Charging 
and contamination are not expected to 



R.Hermann , J.Pawley, T.Nagatani and M.Muller 

decrease in uncoated samples . It is not 
c l ear to what extent the effects of the 
greater probe diameter are compensated by 
the absence of a coating layer and the 
improved signal at low accele r ating volt ­
age. We believe, from a practical point 
of view , that with the present equipment 
no results comparable to Fig. 4 A can be 
obtained from freeze - dried uncoated 
samples . 

K - R Peters· How do you explain the 
redistribution of Germanium in order to 
" level" fine structures? Does Germanium 
agglomerate in between small particles , 
i.e., in the valley of microtopography? 
Aut hors· Uni - directional shadowing of a 
periodical structure with germanium 
exhibits a symmetric diffraction pattern 
very similar to rotary shadowing when 
electron beam evaporation was used 
(Wildhaber et al., 1985) . The strong ten ­
dency of germanium to migrate , similar to 
carbon , can be deduced from this observa­
tion. Uni-directional ion sputtering how­
ever , leads to distinct shadows as also 
shown by Wildhaber et al. (1985). 

K. - R. Peters: Did you try tantalum? 
Since we introduced tantalum for high­
resolution SEM as a replacement for 
platinum, others could confirm its su­
periority also in electron beam evapor­
ation at low temperatures (Costello M J, 
Burgess F, Escaig J , 1986. Tantalum 
replicas of freeze-fractured proteo­
liposomes. In: 44th Annual Meeting Elec­
tron Microsc. Soc. Am., Bailey GW (ed), 
Sa n Francisco Press Inc, San Francisco, 
56-57.). 
Authors· We have not tried tantalum as 
an evaporation material so far. 

K -R. Peters· Comment on deposition 
factors. You refer to a deposition fact o r 
of 25% we measured tumbling in our 
system. We calculated, for even coating, 
a d-=po:oition factor o f 32 % derived fro,11 
18 ° fixed-angle rotation. A similar large 
factor should be expected for tumbling 
but since in our system (during tumbling 
deposition only) the quartz sensor shades 
part of the specimen we deposit less 
metal and we measure a smaller deposition 
factor. 
Authors· Thank you for your comment (the 
authors stated their opinion on the layer 
geometry of penning - sputtered specimens 
in the answer to your first question). 
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