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Comparison of Cs,'* and Ar," as sputtering ions for SIMS depth profiling of cholesterol thin films.
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Determination of the Sputtering Yield of Cholesterol Using Ar,* and
Ceso*™ Cluster lons

P. D. Rakowska, M. P. Seah, J.-L. Vorng, R. Havelund and I. S. Gilmore

National Physical Laboratory, Hampton Road, Teddington, Middlesex, UK, TW11 OLW

ABSTRACT

The sputtering yield of cholesterol films on silicon wafers is measured using Ar,* and Ceo*™ ions in pop-
ular energy (E) and cluster size (n) ranges. It is shown that the Cgo*™*) ions form a surface layer that stabi-
lizes the film so that a well-behaved profile is obtained. On the other hand, the Ar,* gas clusters leave
the material very clean but, at room temperature, the layer readily restructures into molecular bilayers,
so that, although a useful measure may be made of the sputtering yield, the profiles become much more
complex. This restructuring does not occur at room temperature normally but results from the actions
of the beams in the sputtering process for profiling in secondary ion mass spectrometry. Better profiles
may be made by reducing the sample temperature to -100 °C. This is likely to be necessary for many
lower molecular weight materials (below 1000 Da) to avoid the movement of molecules. Measurements
for cholesterol films on 37 nm of amiodarone on silicon are even better behaved and show the same
sputtering yields at room temperature as those films directly on silicon at -100 °C. The yields for both
Ceo™™ and Ar,* fit the universal yield equation to a standard deviation of 11%.

Keywords: bilayers, cholesterol, gas clusters, GCIB, organics, restructuring, SIMS, sputtering yields

INTRODUCTION

Cholesterol is one of the most important lipids in the human body. As a key component of nearly all
mammalian cell membranes, it is a molecule of a particular interest. It alters the physical properties of
the cell membranes, interacts with neighbouring lipids and proteins and is involved in numerous bio-
molecular processes. It has been proved that cholesterol plays a key role in the regulation of mechanisms
such as cell mobility and cell propagation and, therefore presents a crucial factor in cancer metastasis."
2 Cholesterol serves as a precursor for bile salts, vitamin D and steroid hormones.? It is also associated
to the pathophysiology of various diseases like atherosclerosis* or Alzheimer’s disease.> Consequently,
being able to detect, identify and characterize the distribution of cholesterol in biological samples has
widespread implications in medical sciences.

Secondary lon Mass Spectrometry (SIMS) has become an invaluable tool to study organic and biological
materials. For depth profiling these materials, the Ar gas cluster ion beam (GCIB)® has emerged as the
prevailing sputtering source, surpassing the use of the Cg ion beam. For example, Rading et al.” applied
both the sputtering sources to a range of polymer samples, showing that most of the limitations of Ceo
sputtering could be overcome with the use of the Ar clusters, especially for the sputtering of organic
materials. Niehuis et al.2 measured the depth resolution for a range of sizes of Ar clusters for sputtering
organic multilayers. The implementation of Ar GCIB ion sources brought great enhancement of the mo-
lecular ion yields® without significant sample degradation and this opened up the fields of molecular
depth profiling and three-dimensional (3D) imaging of samples. With these developments, the number
of studies utilising high-resolution imaging and 3D analysis of tissues and cells is rapidly growing and
sub-cellular 3D imaging is now possible, as demonstrated recently by Passarelli et al.,*® who imaged the
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disposition of the drug amiodarone within macrophage cells.’® These experiments are most often per-
formed in the dual beam mode,!* which has now become a standard operation mode in the analysis of
organic and biological samples using time of flight (ToF) SIMS. It encompasses, typically, a high-perfor-
mance pulsed Bi cluster liquid metal ion gun (LMIG) applied for the analysis of the surface in the centre
of the crater sputtered by the Ar clusters. This combines the high lateral and mass resolutions of the
LMIG source with the excellent depth profiling of the Ar clusters.” 8

Depth resolution, sputtering yields and secondary ion yields are all important to the quality of the depth
profiles and there are many factors that affect these. Operation parameters e.g. primary ion energy,
species and angle of incidence!? as well as chemistry and topography of the sample and the sample
handling procedures all influence the experiments and results. Technological developments and
a deeper understanding of underlying fundamental processes have led to a rapid growth in the applica-
bility of SIMS imaging to organic and biological materials.'® In 2013, Seah!* proposed a generic equation
for sputtering yields, Y, for argon gas clusters of energy E with n atoms in the cluster:

% B[E /(An)]°

n 1+ [E/NAN)] @)

where the coefficient B is unity when the yield is measured in atoms per primary ion and is of the order
of 0.01 nm3 when the yield is measured as a volume in nm?3. It has been found helpful for organic mate-
rials, in practice, to measure the yield as a volume — the volume is what is measured directly and it is
fairly consistent between organic materials.'* Equation (1) described the yields of Au, Si, SiO>, Irganox
1010 (C73H108012 with molecular mass 1176.78 Da), the model organic light emitting diode material HTM-
1(2,2',7,7'-tetra(N,N-ditolyl)amino-9,9-spiro-bifluorene, CsiHssN4 with molecular mass 1096.54 Da), pol-
ystyrene (PS), polycarbonate (PC) and polymethylmethacrylate (PMMA), as measured in a range of la-
boratories.'* These involved energies from 2.5 to 40 keV and cluster sizes from 100 to 10000 atoms. The
important parameter, A, was found to be high for the elements and inorganic compounds and low for
organic and polymeric materials. It was found that A was related to U, the energy per atom, excluding
hydrogen, to remove the fragment from the solid. For elements where most of the fragments are mon-
oatomic, U is of the order of 3 to 4 eV but for organic materials with 10 to 20 carbon atoms in typical
fragments, this energy is 10 to 20 times smaller and so the value of A was that much smaller. The average
A value for the elements and inorganic materials was ~50 eV and for the polymers and organic materials,
~3 eV. The parameter g is also important and was typically ~3. For E/n values less than A, equation (1)
shows how the yield starts to fall more rapidly with the power dependence being (E/n)?. In practical
situations, elemental and inorganic solids are generally in this E/n < A regime whereas polymers and
organics, with their lower A values, are more in the linear regime where Y is approximately proportional
to E.1* Seah's study'# showed how organic materials had yields of 10* times those of inorganic materials
at £/n values around 1 eV, falling to 100 times for E/n > 4 eV. More recent work adds data for NPB®®
(4,4'-bis[N-(1-naphthyl-1-)-N-phenyl-amino]-biphenyl, CssH3;N2 with molecular mass 588.75 Da) and
both PS and PMMA for a range of molecular weights.®

Cholesterol is one of the most easily detectable biomolecules in tissue by SIMS.1”1? Even if the experi-
ments are not concerned with cholesterol itself, its occurrence in the sample can prove useful. For in-
stance, in brain tissue imaging cholesterol is often used to distinguish different domains in brain sections
as it predominantly is detectable in white matter.?% 2! It has been noted that its presence can provide
a chemical enrichment to promote protonation of neighbouring species.???* On the other hand, it can
also create a strong matrix effect suppressing the detection of other molecular ions.?! Also, as shown by
Angerer et al.,?! one must be aware of the susceptibility of cholesterol to migrate during sample han-
dling. In vacuum at temperatures > 0 °C it migrates through tissue to the exposed surface which affects
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its apparent distribution in images.?! Crystal-like structures, in the order of 10 um long, observed at the
surface of tissue sections have been attributed to cholesterol.?! Other studies have shown that the cho-
lesterol can be completely removed in a prolonged freeze-drying process.?> 24 2>

The behaviour of cholesterol during depth profiling and 3D imaging by SIMS has also been studied on
model samples including thin films. In a study by Kozole et al.,?® profiles were made for cholesterol films
on Si wafers using 40 keV Ceo* at 40° and 73° incidence angles. The depth profiles are clear with the [M-
OH]* secondary ion at 369 Da providing good intensity plateaus. For a film of 277 nm thickness, depth
resolutions of 32 nm and 19 nm (i.e. 12% and 7%, respectively) were achieved at the two angles. The
sputtering yield was determined from atomic force microscopy (AFM) studies to be 503 and 425 mole-
cule equivalents. Using a molecular density of 1.85 x 102! molecules/cm3, these results give sputtering
yield volumes of 272 and 230 nm?3 at 40° and 73°, respectively.

In the study by Shen et al.,?’ profiles are given for cholesterol layers sputtered by Ceo* at 40 keV. Studies
of single layers of 325 and 622 nm thickness showed simple, clear profiles by monitoring the [M-OH]*
ion at 369 Da and the [M-H]* ion at 385 Da, both characteristic of cholesterol. These gave a sputtering
yield of 274 £ 20 nm?3 per ion at 40° to the surface normal, in excellent agreement with the result of
Kozole et al.?®In these samples, thin Au layers are also sandwiched between two cholesterol layers on a
Si wafer substrate. These show that the sputtering yield of the Au is some 100 times lower than that of
cholesterol and that matrix effects significantly alter the ion yields at interfaces. This great disparity of
yields is well established for argon cluster sputtering.'*

Rabani et al.»® compared the effects of different primary ions: Ceo and Ar,* (n = 60 — 3000) on the sput-
tering of cholesterol layers at equilibrium. At constant beam energies, the sputter rates appeared to be
relatively independent of the cluster size. They also observed little change in the secondary ion spectrum
between the studied cluster ions during depth profiling except that Ceo* ions resulted in significantly
greater damage.

Bich et al.?® also analysed cholesterol in depth profiles from rat brain tissue sections but here the study
uses 10 keV Arisgo* ions incident at 45°. Good consistent profiles were observed through the tissue sec-
tion. The migration of cholesterol to the surface was observed.

Due to the frequent occurrence of cholesterol in biological samples?® and its tendency to segregate, it is
important to characterize the cholesterol sputtering yields for argon cluster sputtering over a range of
energy and cluster sizes so that a general description of the behaviour may be established. For the pre-
sent study, thin layers of cholesterol were therefore deposited on cleaned Si wafers and initial depth
profiles were made using 2.5 to 20 keV Arioo0* and Arsgoo* at 45° incidence angle at room temperature.
These showed anomalous effects and so further profiles were made using 10 and 20 keV Ceo**) sputter-
ing beams. These were good, as previous reports show, indicating that the films were coherent and the
material condensed from evaporation had no degradation. Good profiles were then made by cooling
the sample to -100 °C whilst profiling and finally, excellent profiles were obtained for cholesterol films
deposited on amiodarone on the silicon wafer. These lead to an excellent description of the absolute
yields and their temperature dependence through Seah’s universal equation.*

EXPERIMENTAL

All samples were prepared on ~1 cm? pieces of UV/ozone-cleaned oxidized silicon substrates (University
Wafer, Boston, MA, USA). Cholesterol and amiodarone hydrochloride (both from Sigma Aldrich) were
deposited onto the wafers by thermal evaporation using an Edwards AUTO 306 vacuum coater (Edwards
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Vacuum, Crawley, UK). The thickness of all films was determined using spectroscopic ellipsometry
(Woollam M2000, J.A. Woollam Co., Lincoln, NE, USA).

For the reference spectra a small amount of cholesterol powder was dissolved in chloroform. A drop of
the solution was then deposited on to a silicon substrate and evaporated in air.

Depth profiling analysis through the films were performed using a TOF-SIMS IV (ION-TOF GmbH, Miin-
ster, Germany). A temperature-controlled sample stage allowed temperatures to be set in the range -
100 °Cto 100 °C. The experiments were performed in a dual beam mode, where the mass spectrometer
operates alternatingly between erosion cycles and mass spectra acquisition cycles. During the erosion
cycle, either the Ceo*™ or Ar,* ion beam was used to etch through the film at a larger area of at least 500
um x 500 um. Positive secondary ion spectra were collected between the erosion cycles from a central
area within the etched crater (50 um x 50 pm for Ceo*™ and 200 um x 200 pm for Ar,* experiments). This
was done using a 25 keV Bis* ion beam. The Bis* ion current was at 0.1 pA or below. Ceo**) depth profiles
were acquired with two cluster energies 10 keV and 20 keV. Ar,* experiments were done using cluster
sizes of n = 1000, n = 2000 and n = 5000 at energy ranges from 2.5 to 20 keV. In all the experiments, the
beam currents were set so that the ratio of beam current dose densities between the analytical beam
(Bis*) and the sputter beams (Ceo*™ and Ar,*) was at ~ 1 % or below to avoid altering the Ar sputtering
yields. This allowed sufficiently high SIMS signal for good quality spectra, while keeping the impact of
bismuth sputtering on such low level that it could be disregarded. Both cluster ion beams were at 45° to
the surface normal.

RESULTS AND DISCUSSIONS

DEPTH PROFILES OF CHOLESTEROL ON SILICON USING Ar,* AT ROOM TEMPERATURE

A typical positive secondary ion spectrum from a freshly deposited and dried droplet of cholesterol is
shown in Figure 1. Cholesterol is represented by the peaks at 369 Da and 385 Da corresponding to [M-
OH]* and [M-H]*, respectively. To expand the abscissa, the peak at 754 Da for [2M-H;0-H]* has been
omitted but on this scale is significant but small at 32 counts. This spectrum is the same as that found
throughout the present argon cluster depth profiles except as noted separately.
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Figure 1. Cholesterol positive secondary ion spectrum after sputtering with 10 keV Ario00* and analysing with 25 keV Bis*. The
compositions of [M-H]* and [M-OH]* are C27H4s0* and Ca7Has*, respectively. The region with [2M-H20-H]* at 754 Da is omitted
for clarity.

A typical depth profile for a 42 nm thick film, at room temperature and using 2.5 keV Arioo0*, is shown in
Figure 2a for the fragments traditionally used to characterize cholesterol. It is clear that an approximate
dose for the interface is somewhere in the range 0.85 to 1.3 ions/nm? leading to yield volumes of be-

tween 49 and 32 nm?3. This is useful but provides a dose range of + 20% for sputtering the film and the
4
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interfaces show a modest depth resolution based on the 16% to 84% width of 9 nm. The depth profiles
for the other E and n settings have very different doses but are otherwise similar. However, these pro-
files are not as repeatable as one may expect. Occasionally, one or two steps or undulations are visible
in the profile; those in the interface region degrading the depth resolution. We shall, for now, focus on
the 2.5 keV Ario00* data since they typically illustrate many of the issues.

Figure 2b shows the total ion yield (TIY) profile and also that for SiOH* from the wafer with an oxide layer
~5 nm thick. The total ion yield is related to the sputtering yield3° and the change of more than an order
of magnitude around 1 ion/nm? emphasizes the great disparity of the sputtering yields of the organic
layer and the inorganic substrate. However, there is a significant region in the doses between about 1.0
and 1.2 ions/nm? where the cholesterol intensity is at less than half and the bare wafer signal is also less
than half.

Figure 2c shows the profiles for the series of secondary ion fragments from C4Hs* to CaHo*. It is clear that
the more degraded peaks with greater hydrogen loss are relatively stronger at the interface. These de-
graded fragments may arise from a more degraded cholesterol residing at the interface or they may
arise from a higher energy deposition density in the ion impact at the interface where the sputtering
yield falls dramatically — the argon atoms largely bounce off the SiO,, sputtering about 0.2 atoms per
cluster: a rate less than one thousandth of that for cholesterol. The degraded product is expected to
have a lower sputtering yield and, in the limit when all of the hydrogen is removed, the yield would be
similar to that of silicon, some 3 orders of magnitude lower than that of cholesterol.** If we focus on the
mid-point of the interface at 1.2 ions/nm?, the relative intensities of the fragments here to the intensities
averaged for doses up to 0.6 ions/nm? are shown in Figure 2d. The profiles for C4aHo* (m/z = 57) in Fig-
ure 2c are very similar to those for the TIY in Figure 2b. The difference between the curves in Figure 2c
show the degraded material starts at a dose of 0.6 ions/nm?, reaches a peak at 1.2 ions/nm? and then
persists to higher doses.

It will be noticed in Figure 2c that the profiles for C4Hs* and C4sHs* appear to proceed at significant frac-
tional intensity into the Si. These are actually very weak peaks in the spectrum shown in Figure 1 since
the argon clusters cause little degradation. However, these small peaks persist at higher doses as they
have a low sputtering yield.

We need to know if the apparently damaged material at the interface arises from the sample prepara-
tion, e.g. catalytic decomposition of the cholesterol at the hydrated silicon surface, or the sputtering
conditions. Figure 2d resembles the plots customarily made in studies in G-SIMS3133 where this result
would be obtained for the ratio of spectra using a higher energy deposition density condition to one of
lower energy density. Clearly, the damage at the interface is consistent with a higher energy deposition
density from the ion impact.

It appears, therefore, that at room temperature the profiles are somewhat variable and that, at the
interface with the Si wafer, significant degradation occurs. After profiling these samples, the films were
studied by optical microscopy and it was clear that, in the film area exposed to the instrumental envi-
ronment, but outside the sputtered crater, the film had changed morphology. The same film under the
sample holder mask was unchanged, indicating that it was not a simple issue of the vacuum or of the
wafer temperature. It was clear that radiation in the vacuum environment, other than the direct sput-
tering and analysis ion beams had led to significant film restructuring. Although this would lead to poor
depth resolution, as indeed seen in Figure 2, it would not necessarily alter the sputtering yield measure-
ment. For example, if there were no effects other than simple sputtering, a layer that is rearranged into
an area covering 50% of the surface, but was twice as thick, would take twice as long to sputter through
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as the same material at 100% coverage — but the signal would be half as strong. If the rearrangement
led to a more complex distribution of thicknesses, the integral of the area under the curve for the nor-
malised yield would then deliver precisely the dose required to remove the same film unreconstructed.
It is easy to calculate this from the profiles and this would be our procedure if there were no alternative.
AFM studies of the films, as exampled in Figure 3, indicate that the film is restructuring and de-wetting.
This was surprising since Ceo* profiling had been successful as shown in the next section. We shall return
to these AFM measurements later.
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Figure 2. Profile for a 42 nm thick cholesterol film on silicon sputtered by 2.5 keV Ario00* and analysed by 25 keV Biz* at room
temperature, (a) profile showing the molecular and substrate normalised intensities, (b) the total ion yield and SiOH* nor-
malised intensities, (c) intensities for the C4Hs* to CaHs"™ ion fragment series with masses shown in Da, and (d) the ratio of
intensities at 1.2 ions/nm? for fragments C,H- with p increasing from 1 to 12 and r typically ranging from p to 2p, compared
with their intensities in pure cholesterol.
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Figure 3. (a) AFM image of the 42 nm thick cholesterol film on silicon exposed to radiation in the SIMS instrument, such as
light and low energy electrons but outside the area of the sputtering and analysis ion beams. The field of view is 5 um by 5
um. (b) x-line trace at y = 2.4 um showing the bilayer steps (indicated by arrows).
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DEPTH PROFILES OF CHOLESTEROL ON SILICON USING Cso* IONS AT ROOM TEMPERATURE

Profiles were also measured for similarly produced films of cholesterol using 10 keV Cso* and 20 keV
Ceo**. Figure 4 shows the profile for an 86 nm film profiled with 10 keV Ceo* and analysed using 25 keV
Bis* ions. The profile is now much as expected. There is a rapid fall at the start as Cso* debris is incorpo-
rated and the cholesterol damage is equilibrated, followed by a good plateau and then, at the end, a
sharp interface. The depth resolution from the SiOH* signal is around 9% or 7.5 nm. The increase before
the interface may arise from an enhanced sputtering yield there since the bonding of the cholesterol to
the Si wafer is weaker than the bonding to itself — this is the driving force for the film restructuring and
de-wetting, as shown in Figure 3. Alternatively, or as well, the increase may either arise from the higher
energy deposition density at the interface with the low yield of the substrate or from enhanced ionisa-
tion at the oxide surface. For determining the sputtering yield, we take the dose to bring the SiOH* signal
to 50% of its maximum. By averaging results for both positive and negative secondary ion yields, we find
Y (10 keV) = 105.5 + 4.0 nm3 and Y (20 keV) = 220.9 + 0.3 nm3. Using any other peak does not change
these values significantly. It is clear that the cholesterol film has not restructured during profiling or the
7.5 nm depth resolution and repeatable data would not be attained.

In sputtering with Ceo*™), carbon atoms are incorporated into the surface, changing the sample there
and possibly forming a thin skin of higher melting point3 at the surface (as on paint or custard). The
raised melting temperature arises from the loss of simple hydrogen bonding between the melting enti-
ties. This will inhibit the film break up and, here, has led to the better Cso* profile compared with Ar,*.
The Ar,* will leave the surface very clean and labile. To reduce the possibility of film restructuring, the
Ar," measurements were now repeated for films cooled to -100 °C prior to any exposure to radiation.
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Figure 4. Profile of an 86 nm thick cholesterol film on silicon sputtered by 10 keV Ceso* and analysed by 25 keV Biz* at room
temperature showing the molecular and substrate normalised intensities.

DEPTH PROFILES OF CHOLESTEROL ON SILICON USING Ar»* AT - 100 °C

To obtain a greater degree of accuracy, the films here are 145.5 nm thick. Both the increase in thickness
and the lower temperature are expected to inhibit film restructuring. The profiles using Ar,* now look
closer to those for Ceo* at room temperature than those of Ar,* at room temperature. Figure 5a shows
the result for 2.5 keV Arig00" with a depth resolution for the Si* profile of 9 nm. Repeat profiles are now
consistent.
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Figure 5b is the counterpart of Figure 2c for the series C4Hs* to C4Hg*. We see an identical behaviour at
the interface, to that at room temperature, with the more degraded component being strongest at the
interface. However, the effect is weaker although the depth resolution for this thicker film is the same
9 nm as that at room temperature. There is a clear peak in all intensities prior to the interface and at
that peak we see the inverse of the result shown in Figure 2d. Instead of being weakest, the CsH10" is
strongest and C4Hs* is weakest. This shows that prior to the interface the cholesterol is sputtered more
easily and this may simply be that there is better ordering of the initial layers deposited. The reduced
mobility of the film has been strongly beneficial overall. The equivalent plot of data, as in Figure 2d at
the interface, is reduced by a factor of more than 5 with a similar, but inverted plot to that at the peak
(at a dose of ~8 ions/nm?).
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Figure 5. Profile showing intensities normalised to those at low dose of a 145.5 nm thick cholesterol film on silicon sputtered
by 2.5 keV Ario00* cluster ions and analysed by 25 keV Biz* at -1002 C, (a) profile showing the molecular and substrate normal-
ised intensities, (b) intensities for the C4Hs* to CsHs* ion fragment series with masses shown in Da as in Figure 2c.

From these data, using the rise in the (SiOH)* signal, we may directly calculate the sputtering yield vol-
umes for Ar,* for n = 1000 and 5000 and 2500 < E < 20000 eV incident at 45° to the surface normal, as
shown in Figure 6. These are for cholesterol at -100 °C and we do know that the sputtering yields will
rise with temperature although, at this stage, we do not know the magnitude of this effect. The data are
plotted as Y/n in nm3versus E/n in eV together with the fit for equation (1) with B =0.0045 nm?3, A = 0.48
eV and g = 1.95. The data fit equation (1) with a scatter of 11%. This excellent result is close to that
expected but may be slightly worse than the 7 to 8% seen by Seah'* as a result of the changing yield at
the interface with the silicon wafer. To the top right, the room temperature Cgo**) data are added. In
Figure 6, the Ceo*™ data are plotted as Y/n and E/n, although Delcorte et al.,?*> from molecular dynamics
simulations, would predict the results for Ar,* and Ceo*™ ions to be consistent when plotted as Y/N versus
E/N where N is the number of nucleons on the sputtering particle, not the number of atoms. If this were
done, the Ceo*™ values would shift, relative to the Ar,* values, by a factor (40/12) on both axes. The line
in this region is essentially at unity gradient and so the quality of the fit would be unchanged. That the
sputtering yield data for Ceo*™*) at room temperature fit the data for Ar,* at =100 °C is surprising since
the degradation caused by the Ceo*™*) is expected to reduce the yield but, as we shall see, the Ar,* data
at -100 °C are a factor of approximately 1.8 times lower than at room temperature.
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Figure 6. The sputtering yields of cholesterol for both Ar,* and Ceo*™* sputtering with the fit of equation (1) with B = 0.0045
nm3, A= 0.48 eV and g = 1.95. The rms scatter of the data about the fitted curve(s) is 11%. The Ar,* data are for -100 2C and
the Ceo**) data are for room temperature. (a) The Y/n vs E/n Universal Plot and (b) the Y vs n plot.

CHOLESTEROL ON SILICON AT ROOM TEMPERATURE

Although we have the sought-after sputtering yield volumes, the results for sputtering at room temper-
ature deserve closer attention since many SIMS and other studies are conducted in vacuum at room
temperature and organic molecules like cholesterol are being increasingly studied. The melting point of
anhydrous cholesterol is often given as 148 °C but Loomis et al.3¢ measure the crystalline to liquid tran-
sition at 151 °C. They also show that cholesterol monohydrate converts to anhydrous cholesterol at 86
°C and that anhydrous cholesterol will not hydrate at or below 90% relative humidity at 22 °C in 120
hours. It is therefore safe to assume that we are dealing with anhydrous cholesterol and that it should
be stable at room temperature. Good profiles are made at room temperature for Irganox 1010,% 37 NPB*>
and the polymers PS” 38 and PMMA38 3% whose melting points are 118 °C, 277 °C, 240 °C and 160 °C,
respectively and so, from the melting temperature, one would not expect room temperature to be ex-
cessive.

Line traces across the AFM image of Figure 3 show clear plateaus and sharp steps with the step edges
sharper than the 10 nm of the image resolution. Measurements of many steps, as exampled in Figure
3b, give a step height of 3.6 + 0.2 nm with, occasionally, twice or four times this value where the edges
of layers coincide. At the top of Figure 3a are two areas at heights of about -51 nm, probably indicating
the bare substrate. There are no steps of 1.8 nm. Shieh et al.?? note that anhydrous cholesterol forms a
triclinic crystal structure with 8 independent molecules per cell. Four of the molecules are shown in
Figure 7a. The -OH groups bond the molecules end-to-end with a total length of 3.4 nm, very close to
the measured step heights. Loomis et al.3¢ note that cholesterol and cholesterol monohydrate will form
smectic liquid crystal bilayers of molecules end-to-end. This is shown in Figure 7b. The structures of
cholesterol and cholesterol monohydrate are very similar. Nes*' in his review shows the maximum
length of the cholesterol molecule as 1.9 nm. Studies of cholesterol monohydrate by Aberdan and
Swift,*? using AFM, show films with steps with the smallest feature about 3.4 nm which they interpret
with structures much as in Figure 7.
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Figure 7. (a) The structure of anhydrous cholesterol showing four of the molecules in the unit cell. The cell length with the
two molecules with their —O atom shown by the red sphere and the adjacent hydrogen atom shown by the white sphere is
3.4 nm. (b) Schematic of the layer structure.

It therefore seems very likely that bilayers have formed as a result of radiation or field-enhanced diffu-
sion at or near room temperature, disrupting the deposited smooth film. Loomis,3® Hsu and Nordman*3
and Bach and Wachtel** and others note that, around 37 °C, anhydrous cholesterol undergoes a poly-
morphic transition from one triclinic space group to another in which the number of molecules in the
cell doubles and length of the a-axis is doubled, i.e. there is a bit of shuffling and rotation of the mole-
cules about their long axis but the essential bilayer structure and the associated step height are un-
changed. This phase transition may be sufficient to aid the movement of molecules to break up the film
that is stable in air at room temperature.

This restructuring process may enhance the sputtering yield since the ordering may allow the molecules
to be more easily separated. The enhancement would depend on the degree of ordering into bilayers.
In most profiles, analysis of the ratio of the intensity for the dimer [2M-H;0-H]* to the monomer [M-
OH]* shows a linear increase as the interface is approached, starting 20 nm from the interface and reach-
ing a factor of 3 or more as the last fragments are removed. This may indicate that, in most profiles, the
ordering into dimer layers is strong at the Si surface but becomes disordered as the layer thickens, with
full disorder at 20 nm thickness. To test this, we next study cholesterol with an inter-layer covering the
silicon substrate.

CHOLESTEROL ON AMIODARONE ON SILICON AT VARIOUS TEMPERATURES

In the above, we have established the sputtering yield of cholesterol from silicon wafers at -100 °C as
shown in Figure 6 and that the yield at room temperature is approximately 1.8 times higher. It is not
clear yet if these yields are significantly affected by the possible ordering in the structures made on
silicon that may be different from those on organic substrates. We therefore study a 67.9 nm cholesterol
film deposited on 37 nm of amiodarone on silicon using 5 keV Arao00* at temperatures between -50 °C
and 75 °C. A profile for the cholesterol layer is shown in Figure 8. The peak and interfacial degradation
have now gone and the profile is well behaved. Many peaks follow the same profile as that shown here
at -50 °C. Figure 8 shows example data for a molecular and a highly degraded peak. Both, and all peaks
studied, show the same interface position and depth resolution of 8.7 nm. The effects shown in Figures
2c and d do not occur, nor the enhancement of the [2M-H20-H]* compared with [M-OH]* seen in the

10
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final 20 nm at the interface for layers on silicon. The earlier effects attributed to higher energy deposition
density and/or weakened bonding or enhanced ionisation at the interface are no longer apparent since
those causes have been removed by the amiodarone inter-layer.
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Figure 8. Normalised profile for a 67.9 nm film of cholesterol ([M-H]" and [CsH7]" hydrocarbon ion) on 37 nm of amiodarone
([C19H1703l2] )sputtered using 5 keV Arao00* ions and analysed by 25 keV Bis* at -50° C

From Figure 8 we may deduce the sputtering yield and, using the values of B and g determined earlier,
the value of A. Measurements for many temperatures give the green data for A shown in Figure 9. The
value of A falls with temperature fairly smoothly, supporting the 1.8 times increase at room temperature
mentioned earlier shown by the red data. The yields were measured up to 75 °C, but at that temperature
significant profile distortion had occurred. At 50 °C the profiles were useful but the depth resolution had
degraded to 20 nm. At room temperature the depth resolution was 9.8 nm and the profiles were similar
to that shown in Figure 8 although with some minor differences. These differences persisted down to -
25 °C.

-125 -100 -75 -50 -25 0 25 50 75
T,°C

Figure 9. Evaluation of the parameter A, eV, from equation (1) with B =0.0045 nm3 and g = 1.95 as a function of temperature,
for cholesterol on (red symbols) silicon and (green symbols) amiodarone.

CONCLUSIONS

The sputtering yield of cholesterol has been measured on samples with temperature reduced to -100
°C. This enables measurements to be made at various energies and cluster sizes. The results fit, within a
scatter of 11%, the Universal Equation for sputtering yields, equation (1), with B =0.0045 nm3, A = 0.48

11
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eV and g = 1.95. Measurements recorded at room temperature show a lack of repeatability in the profile
curves, some showing downward steps at the broad interface. This broad interface shows significant
intensities of the more degraded fragments. The sputtering yields may be obtained and show an ele-
vated yield of 1.8 times those at -100 °C, a factor that could arise partly from the change in structure of
the layer and/or partly the higher temperature. AFM measurements show that the layer exposed in the
SIMS instrument at room temperature can reconstruct from a smooth layer to one composed of parts
of layers of 3.6 £ 0.2 nm thickness interpreted as bilayers of cholesterol molecules standing inclined at
a small angle to the surface normal. This structure may enhance the sputtering yield and leads to a
poorer quality depth profile. This arises at room temperature as a result of radiation or field enhanced
diffusion in the vacuum of the SIMS instrument and does not occur when stored in air at room temper-
ature. Cso" depth profiles at room temperature seem free from this restructuring maybe as a result of
the carbon deposition and damaged material in the surface layer. The Ceo* sputtering yields are a factor
of 1.6 lower than those for Ar,* at room temperature. Profiles for layers deposited on amiodarone in-
stead of silicon are well behaved for all secondary ions with a yield steadily rising with temperature. This
is interpreted as an effective reduction in the A energy of the Universal Equation as the temperature
rises.

Cholesterol is one of the most abundant and most important lipid molecules in mammalian organisms.
It is important, when analysing with SIMS that its mobility is recognised as well as the unwanted effects
of temperature, vacuum or radiation within the instrument. The substrate too can be an issue and silicon
wafers should be covered by an organic interlayer. Here, an amiodarone interlayer is shown to remove
the unwanted effects and leads to profiles without anomalies. With the technology developments, the
number of studies utilising high-resolution imaging and 3D analysis of tissues and cells, including sub-
cellular 3D imaging, is rapidly growing. As the resolution of the analysis increases, removal of these un-
wanted effects becomes more and more critical.
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