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Bright-field image contrast of thermotropic cholesteric liquid crystalline 
materials in the transmission electron microscope (TEM) is investigated. Possible 
sources of contrast for these systems are discussed in terms of their molecular 
anisotropy. A cholesteric side-chain liquid crystalline compound was investigated 
with TEM, low voltage high resolution scanning electron microscopy 
(LVHRSEM), and atomic force microscopy (AFM) to determine the origin of the 
strong contrast observed in these systems using bright-field transmission electron 
microscopy. Initial contrast of thin microtorned sections, as viewed with TEM low 
dose techniques and an image intensifier, was much weaker than observed under 
normal viewing conditions. The periodic steady state contrast typically observed for 
these materials is the result of beam damage. Furthermore, the surface of 
microtomed samples (parallel to the cholesteric helical axis) is corrugated with a 
periodicity of l / 2  the pitch due to a preferred fracture path in the glassy cholesteric 
state. AFM profile analysis shows an average peak to valley height of approximately 
2&25 nm. AFM offree surfaces from aligned films also indicates a corrugation with 
a periodicity equal to 1/2 the pitch with substantially smaller average corrugation 
depths. TEM indicates a series of + 1 / 2  and - 1/2 disclination lines at the surface 
due to a rotation of the preferred helix direction parallel to the surface, consistent 
with previously reported models. 

1. Introduction 
Electron microscopy techniques have been utilized to examine defect structures in 

liquid crystalline materials, specifically lyotropic cholesteric phases derived from 
biological systems [ 1-31. Recently electron microscopy techniques have been extended 
to include the investigation of thermotropic liquid crystalline materials including 
images of individual smectic and crystalline phases using transmission electron 
microscopy (TEM) [4-71. Lamellar decoration combined with amine etching have 
been used to investigate directly the surface topography of defect structures in nematic 
polyesters with TEM and LVHRSEM [8-101. Several low molecular weight liquid 
crystalline systems have also recently been imaged while adsorbed onto graphite using 
scanning tunnelling microscopy [ 1 1,121. 

* Author for correspondence. 
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770 T. J. Bunning et al. 

SEM of cholesteric liquid crystalline compounds in a glassy phase yields 
information about the periodic nature of the helical structure. Fracture parallel or 
oblique to the helical axis produces a periodic surface topography due to the spatially 
varying molecular directors (n) which can be imaged on fractured bulk films [13-151. 
When the fracture surface is exactly parallel to the helical axis, the surface periodicity 
corresponds to one-half the pitch (P)  as there is no difference between the + n and - n 
directors. A model based on preferential crack propagation in spatially varying 
anisotropic glasses predicts the contour of the fracture surface relative to the helical 
direction [161. Various types of defects can also be observed in these fracture surfaces. 

Information about the pitch (P)  can also be obtained from TEM, as microtomed 
sections exhibit a series of alternating dark and bright bands whose distance 
corresponds to one-half the pitch of the cholesteric helix. Although several authors 
have reported this banded contrast variation [17-201, no adequate explanation of the 
contrast mechanism has yet been proposed. We discuss here possible sources of this 
contrast and investigate these using LVHRSEM, TEM and AFM. 

2. Experimental procedure 
The cholesteric materials investigated (see figure 1) are a class of cyclic siloxane 

materials [21]. The compound examined for this work had a P / Q  ratio of 1 where P 
corresponds to the number of biphenyl-4-allyloxybenzoate side chains and Q 
corresponds to the number of cholesteryl-4-allyloxybenzoate side chains. This material 
has a TB at 50°C, a wide cholesteric mesophase, and a clearing temperature of 220°C. 
Films, formed by heating the compound to 150°C followed by shearing, exhibit a 
Grandjean texture where the helical axes are perpendicular to the film surfaces. These 
films exhibit selective reflection at 514nm (refractive index = 1-5) at room temperature 

P + Q = 5 :  P / Q = 1  
(4 

'\ 

w 
Director 

(b)  
Figure 1. (a) Chemical structure of cyclic siloxane-based side-chain cholesteric liquid 

crystalline materials. The composition of the material investigated had equal amounts of 
the two mesogens attached. (b) Possible conformation of mesogenic groups relative to the 
siloxane ring. 
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Cholesterics: image contrast in the T E M  77 1 

as measured with an integrating sphere. Quenching from the mesophase to room 
temperature allows the glassy mesophase to be obtained. 

Bulk films, sheared between Teflon sheeting which was subsequently removed, were 
embedded in a room temperature epoxy system and sections were taken parallel to the 
helical axis. Imaging is approximately perpendicular to the helical axis. LVHRSEM 
was performed using a Hitachi S-900 FEG SEM operated at 08-1.0 keV accelerating 
voltage. LVHRSEM samples were coated with approximately 10 8, of tungsten using a 
VCR dual ion beam coater. TEM was performed on a JEOL lOOCX at 100 keV and 
images were recorded on Kodak SO163 film. Microtomed sections were 60-80nm 
thick. Free surfaces of a Grandjean aligned sample on silicon wafers (rather than Teflon 
sheeting) were also investigated. Film preparation was the same except that the top and 
bottom silicon wafers were slid apart. Low dose ?'EM was performed on a JEOL 
200CX using a Gatan image intensifier and VCR to capture dynamic data. TEM 
negatives were scanned using a Molecular Dynamics densitometer and analysed using 
ImageQuant Software. AFM was performed with a Park Scientific SFM-BC2-210 
Scanning Force Microprobe running from a SPC-400 Scanning Microprobe Central 
Control Unit. A standard silicon nitride tip with a radius of curvature of approximately 
40 nm was used with mid-range forces in the repulsive mode, AFM was performed on 
the microtomed samples on TEM grids fixed to the AFM mount. 

We restrict our analysis of the TEM, LVHRSEM, and AFM data to those images in 
which the structural repeat corresponded to approximately 1/2 the pitch (thus our 
viewing direction is normal to the helical axis). 

3. Results and discussion 
The bright-field image contrast in a transmission electron microscope will depend 

on the variation of scattering power across the sample. Both amplitude and phase 
contrast differences can contribute to overall image contrast. 

Amplitude contrast can arise from two subcategories-mass thickness differences 
and/or variations in the scattered intensity due to material anisotropy (for example, 
Bragg scattering for crystals). Several physical traits contribute to mass thickness 
contrast including compositional variations in multicomponent systems, density 
variations in single component materials, and thickness variations throughout the 
sample. All of these may change with electron exposure due to beam-induced changes 
in sample composition. Chain scission and cross-linking can lead to preferential 
changes in thickness or projected density. 

Phase contrast arises from variations in the projected inner potential which is 
proportional to the mass thickness for a sample with a homogeneous composition. For 
an anisotropic system, the projected density can be somewhat larger for certain 
projections (for example, down-axis orientation) of the molecules as there will be a 
higher number of atoms in the column, since intramolecular distances are shorter than 
intermolecular ones. If the sample thickness is constant, then the only variations in 
projected inner potential will be from projected density variations. By under-focusing 
the objective lens, regions of higher projected density will appear darker. Optimum 
phase contrast (for the object periodicity P/2 of approximately 170 nm considered here) 
requires a very large defocus (about lo3 microns) and would result in a loss of image 
resolution. Significant phase contrast is obtainable by using a defocus, AZ, of a few 
microns without sacrificing resolution. 

Several groups [17, 18,20,22] have observed alternating dark and light bands in 
bright-field TEM in thin microtomed sections of various cholesteric materials without 
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772 T. J. Bunning et ul. 

addressing the source of this contrast. If one ussumes sections are of constant thickness, 
then the source of contrast in a bright-field in-focus image must arise from the material 
anisotropy, i.e. from the helical arrangement of the molecules. The dark and bright 
regions of an in-focus image would correspond to locations where the electron beam is 
alternatively parallel to and perpendicular to the molecular axis (helical axis assumed 
to lie in plane of the section and hence normal to the beam direction) as shown in 
figure 2. The contrast would then result from relative scattering differences from 
regions I and TI due to different amounts of intensity scattered at angles beyond that 
subtended by a particular objective aperture. The distribution of scattered intensity 
from a nematic region normally consists of a strong equatorial ring due to 
intermolecular interference and weaker scattering on meridional planes due to the 
periodic variation of structure along the molecular axis. If a small objective aperture is 
used such that the equatorial intermolecular scattering maximum is outside the 
aperture, the image intensity will be diminished in proportion to the extent of the 
equatorial scattering ring which is excited. Region I will have fewer scattered electrons 
blocked from the BF image than region 11, since the Ewald sphere will intersect the 
equatorial ring in only two locations, whereas with the electron beam incident along 
the molecular axis, the full ring can be excited. Therefore, regions where the molecular 
axis is parallel to the electron beam will appear darker than the regions with in-plane 
orientation of the molecular axis relative to the film. A reversal of the dark and bright 
regions could occur if the molecular scattering is stronger along the meridian. In any 
case, the actual variation of intensity along the in-plane helical axis will depend on the 
relative amount of scattered intensity intersected by the Ewald sphere at angles greater 
than that of the objective aperture as a function of beam-sample orientation. A 
consequence of this model is that by tilting the specimen about an axis parallel to the 
helical twist axis, the bright and dark regions will simply translate along the axis of tilt 
as given by equation (l), 

where d is the distance translated, P is the pitch of the cholesteric, and 0 is the angle of 
tilt. 

Another feature of this orientation dependent scattering contrast is the effect of 
electron beam radiation damage. Since the inelastic interaction of the high energy 
electron beam with the organic material will cause crosslinking and chain scission 
normally resulting in substantial loss of molecular order, the BF image contrast which 
depends on the variation in molecular orientation will diminish or disappear at high 
electron dose as the beam damaged sample loses orientational order. This aspect of the 
contrast can be readily assessed by viewing the electron diffraction pattern and bright 
field image as a function of dose. 

If mass thickness contrast is present due to  thickness variations arising from the 
microtoming process, the thicker regions will correspond to enhanced scattering 
contrast and will appear dark. However, upon tilting the specimen about the helical 
axis, contrast arising from thickness variations should be invariant, thus easily 
distinguishing this mechanism of image contrast from diffraction contrast as discussed 
above. 

Since most organic compounds are beam sensitive [23,24], low dose conditions 
Ccm-2s- ' )  were first employed to establish that amplitude contrast was 

present. A t  very low dose, contrast was found to be very weak and the overall contrast 
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Figure 2. Schematic of molecular orientation perpendicular to the helix and the change in 
direction of these directors as the sample is rotated around the helical axis. 

200 600 1000 1400 1800 
DISTANCE / nm 

the contrast bands. 
Figure 3. Microdensitometer curves from a series of tilt experiments showing no translation of 

was enhanced quickly with increasing dose. Thus, at normal operating conditions 
where the beam dose rate is in the range of 101-103 C cm-2 s-', a large increase in the 
contrast has developed due to beam damage of the material before the viewer can 
notice. Coupled with the development of this contrast was the rapid disappearance 
(05s-equivalent to a dose of 5 x 10°-102Ccm-2) of an initiaily oriented electron 
diffraction pattern observed when using a small (7pm diameter) selected area 
diffraction aperture. It is unclear what percentage of the initial contrast is attributable 
to diffraction contrast as it is too short-lived to perform a tilt-series. However, the 
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Figure 4. (a)  In-focus TEM micrograph taken under normal dose conditions. (b) Same region as 
in (a) but defocused % 34 l m .  Stronger contrast is observed. Note the Fresnel fringes 
around the holes. (c) Microdensitometer traces of negatives from (a) and (b). 
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Cholesterics: image contrast in the T E M  775 

increase in contrast with the absence of any significant orientation in the diffraction 
pattern indicates that diffraction contrast is not a contributing mechanism for the 
steady-state samples. 

Further proof that diffraction contrast is not present can be obtained from the tilt 
experiment discussed previously. Microtomed sections were imaged under normal 
dosage conditions in the TEM while being tilted about the helical axis, which is 
perpendicular to the alternating bright and dark bands. A full 90" rotation was 
approached by tilting a section +40" and - 30". The microdensitometry scans in figure 
3 clearly show that no shift in contrast was observed with tilt. The large intensity dip in 
the centre of the scan was caused by a piece of dirt and was used as a reference point. 
Neither the pitch periodicity nor the contrast modulation changed with tilt. The 
periodicity corresponded to P / 2  and averaged about 170 nm. 

An in-focus BF image of a section of the vitrified cholesteric liquid crystal is shown 
in figure 4 (a) under normal viewing conditions (beam damage has occurred). Since the 
micrograph was recorded approximately in-focus, the contrast present is due only to 
the variation of scattering power outside the objective aperture. The periodicity of the 
alternating bright and dark lines of 165 nm matches closely the P / 2  value of 170 nm 
based on selective reflection measurements. When defocused by AZ = - 34 pm, as 
shown in figure 4(b), the contrast is substantially enhanced as shown in the 
densitometer trace, figure 4 (c). 

LVHRSEM and AFM were used to examine the surface of both unirradiated and 
TEM irradiated microtomed samples. Figure 5 (a), an AFM image of an unirradiated 
sample, reveals a highly corrugated surface with a periodicity (167 nm) close to one-half 
the pitch of the sample. Beam damage effects such as mass loss and/or dimensional 
changes can be excluded as a cause of the corrugated topography for these samples as 
they had not been irradiated with the electron beam. An edge dislocation with a 
Burger's vector of P is shown in the middle of the scanned area in figure 5 (b). The 3- 
dimensional structure of the surface is shown in figure 5 (c) and height profile analysis 
indicates an average peak to valley height of 20-25 nm. 

Interestingly, the free surfaces of cast films also reveal topography when examined 
with AFM. For a planar (Grandjean) sample, the helix direction in the bulk of the film is 
normally perpendicular to the surface plane. Near the surface, the twisted structure of 
the bulk material cannot readily adapt to the surface boundary condition. One solution 
to this boundary problem is a series of alternating + 1/2 and - 1/2 disclination lines at 
the surface which was observed with bright field TEM as shown in figure 6(a) .  This has 
been previously observed optically for large pitch materials and attributed to a low 
energy packing conformation of the helices [25] as shown in figure 6(b) .  In this 
orientation, the helical axis lies parallel to the surface plane instead of perpendicular as 
in the bulk. The interface between these two orientations gives rise to the series of + 1/2 
and - 1/2 disclinations as shown. Note that the surface topography shown by Saupe 
[25]  is flat (see figure 6 (b)), while the surfaces observed with TEM possess undulations 
whose periodicity corresponds to one-half the pitch. Free surfaces of these cast films 
were observed with AFM to verify the surface topography. A complex surface 
topography was observed as shown in figure 6(c) .  The periodicity again corresponded 
to P/2 ,  but the depth profile analysis indicated much shallower corrugation, of the 
order of 2-4 nm. No surface topography was evident when examined with LVHRSEM. 

The surface of a microtomed stub was also examined, Since this constitutes the 
surface region of a very thick film, mechanical stresses giving rise to buckling 
phenomena should be minimized. If buckling stresses caused the thin microtomed 
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I76 T. J. Bunning et  al. 

Figure 5. (a) AFM image of the surface of an unirradiated microtomed sample. (h )  The same 
area in three dimensions. ( c )  Height profile analysis across this section. 
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Cholesterics: image contrast in the T E M  777 

sections to warp and produce contrast, then one would expect the stub to be nearly flat 
due to its ‘infinite’ thickness. The surface of this bulk sample exhibited the same 
corrugated surface texture with similar height modulation in AFM as the microtomed 
thin sections. 

The periodic surface topography in microtomed sections is thought to be due to 
preferential crack propagation as the sections are microtomed, rather than relaxation 
of the thin section after cutting. Indeed, the surface structure of sections microtomed 
parallel to the helical axis looks the same as bulk fracture surfaces observed in the 
LVHRSEM as shown in figure 7. AFM of these bulk fracture surfaces reveals 
topography similar in nature to that shown in figure 5 with comparable peak to valley 
heights. The fracture path tends to minimize the surface area exposed, but locally the 
crack tip is preferentially propagated relative to the orientation of the molecules, thus 
producing a sinusoidal fracture surface. When the microtome direction is parallel to the 
plane of the helical axes, two fracture paths are favoured as shown in figure 8 [26]. 
Assuming constant density, the first fracture path results in the maximum mass 
thickness difference (case I), while the second results in no mass thickness difference 
(case 11). Based on the above reasoning, undamaged microtomed sections fractured 
parallel to the helical axis and viewed normal to this axis should show no contrast 
based on mass thickness approximately 50 per cent of the time. While we did not 
conduct extensive studies of the sections under low dose conditions, frequently only a 
slight contrast was observed suggesting that the fracture paths at the top and bottom 
surfaces possessed only a small phase difference (nearly case 11). 

Since both the beam direction and the plane of the section are perpendicular to the 
helical axis and the long range order extends in the plane to many tens of microns (see 
figure 4 (a)), it is reasonable to assume correlation of the molecular directors through 
the thickness of a section. Thus one cannot deduce that one orientation ofmolecules lies 
in the dark bands, while the other orientation lies in the white bands as has been 
previously stated in the literature [17]. A peak on one side of the microtomed section 
corresponds to a valley on the complementary stub surface, although both regions 
possess the same director orientation. 

The large increase in the contrast with beam damage leads to interesting 
speculation as to its cause. The contrast in a bright-field TEM image, C = ( I ,  -12)11, is 
given by equation (2) (where I ,  > I 2 )  

where S, is the effective mass thickness scattering cross-section (cm3 nm- gm- l), 

p(x, y )  is the density, assumed to be variable only in the x, y plane, and t(x,  y )  is the 
thickness. The value of S, (0.0067) depends only on the accelerating voltage and the 
objective aperture size. The measured contrast from an in-focus image (see figure 4 (c)) 
after steady state beam damage was C =0.24. If one assumes a density of 1.2 g cm-3, a 
thickness difference of 34 nm would account for the observed contrast. If one assumes a 
constant section thickness of 80nm, then a change in density of 50.51 gcm-3 would 
account for the observed contrast. 

Large changes in chemical composition can occur for organic systems, especially 
those possessing ester and ether bonds, with exposure to high energy electrons [24]. In 
such polyesters and polyethers, substantial mass loss and crosslinking are observed at 
high electron dose. To determine if mass loss occurs in our sample, an intense beam was 
focused onto a small region wherein contrast rapidly developed. Upon expanding the 
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beam, the surrounding regions also developed contrast whose intensity was somewhat 
decreased relative to the small region indicating some enhanced mass loss (likely due to 
beam heating). Microdensitometry shows that the dark/white band image contrast is 
approximately the same in both regions. AFM experiments on irradiated sections were 
done to determine if locally At(x, y) was preferentially affected by radiation damage. 
Height profile analysis indicated no significant change in the corrugation height (1 5- 
25 nm) with electron exposure, thereby eliminating large thickness changes as the sole 
source for the increase in contrast. Radiation damage effects on density and thickness 
cannot, at this stage, be separated, and thus, the large increase in contrast with electron 
dose observed for these cholesteric systems must arise from changes in the projected 
sample density, A(p(x, y)t(x, y)). Due to the anisotropic nature of the cholesteric phase, 
these changes alter the projected density periodically, giving rise to the spatially 
varying contrast. Since previously reported BFTEM images of cholesteric mor- 
phology were probably obtained without taking precautions to minimize radiation 
damage, it is likely that the contrast mechanism in these previous studies is similar to 
the results presented here. 

. . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
7
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Cholesterics: image contrast in the T E M  779 

(4 
Figure 6. (a) TEM image of surface showing series of + 1/2 and - 1/2 disclinations and periodic 

surface topography (one-half the pitch). (b) Schematic of a vertical section through twisted 
planar texture. Note the surface is regarded as smooth [ 2 5 ] .  (c) AFM image of surface of 
cast film. A complex topography is observed whose periodicity is one-half the pitch. The 
peak to valley height is an order of magnitude lower than that exhibited by the 
microtomed sections in figure 5. 

Figure 7. LVHRSEM (0.8 keV) micrograph of bulk fracture surface from the sample 
investigated. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
7
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



780 T. J. Bunning et al. 

Case I. 

net At 

Case II 
no n e t  

At 

-b H e l i c a l  
d i r e c t i o n  

M ic ro to rned  
S e c t i o n  

S t u b  

Figure 8. Two possible thickness variations in microtomed sections arising from preferential 
crack propagation in anisotropic cholesteric materials. 

4. Conclusions 
Due to the periodic anisotropy of the orientation of molecules, there is competition 

between forming a flat surface and propagating a crack across the fewest molecules 
during microtoming of cholesteric liquid crystalline glasses. The corrugated topo- 
graphy (LVHRSEM, AFM) and alternating bright and dark bands (TEM) are 
observed when the fracture path is parallel or oblique to the helical axis. The 
corrugated surface topography observed in LVHRSEM and AFM data from 
microtomed sections, microtomed stubs, and bulk fracture surfaces suggests the nature 
of the fracture is the same for all of the above described methods of sample preparation 
for these glassy materials. 

Two different surface height corrugations were observed with AFM. Examination 
of fractured surfaces or microtomed samples (parallel to helix) indicate a peak to valley 
height of 2@25 nm with a spatial periodicity of P/2. Examination of the free surface of a 
glassy film indicates peak to valley heights of the order of 2 4  nm (also with a spatial 
periodicity of P/2),  indicating a rotation of the helices near the surface. Although this 
height variation was below the resolution of LVHRSEM, TEM confirmed this 
reorientation and indicated a series of alternating + l j2 and - 1/2 disclination lines at 
the surface of cast films. 

Low dose TEM experiments indicate that little image contrast is present in 
minimally irradiated samples. Under typical viewing conditions, electron beam 
damage causes a rapid enhancement of the contrast. AFM experiments on irradiated 
samples showed no observable changes in the surface topography, so the increase in 
contrast must arise from a net change in the projected density, A(p(x,  y)t(x, y ) ,  which is a 
function of both density and thickness. 

The authors wish to thank Mary Jane O’Rourke for information on Grandjean free 
surfaces. ELT acknowledges support from NSF DMR 92-01 845, AFOSR 90-01 50, 
and AFOSR 91-0078 grants. 
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