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A novel approach is outlined for studying adsoption phenomena at a solid-liquid interface in the
imaging atom-probe mass spectrometer. An interface is preserved for analysis by embedding it
within a thin, conducting layer of vitreous ice formed from its native environment. The ice is
controllably sublimed at 20 K using a high electric field to dissect the layer, and to map the
distribution of species within the layer as a function of depth from its surface. Procedures are
described for creating a layer of ice believed to be vitreous in nature, and for transporting an
interface embedded within the ice layer into high vacuum without damage (and without
contamination from laboratory ambient). Field-ion imaging suggests these procedures are
effective for preserving the surface structure of a solid on a subnanometer scale.

I. INTRODUCTION

The first few atomic layers of a solid can form a barrier
between its interior and an often hostile environment. Al-
though adsorption at the vacuum-solid interface has been
studied in great detail, little is known about adsorption at the
liquid-solid interface. In particular, we do not understand
how species in solution interact with a surface that is exposed
to an aqueous environment. The liquid—solid interface has
been difficult to study because the majority of techniques
that are sensitive to surface morphology and composition
operate most effectively in high vacuum. Removing a solid—
liquid interface from a liquid environment for study in high
vacuum (without perturbing the chemistry and the mor-
phology of the surface it contacts), has proved to be a major
obstacle. Consequently, our knowledge of surface morphol-
ogy within a liquid environment is fragmentary, and detailed
knowledge of adsorption phenomena at a liquid-solid inter-
face is virtually nonexistent.

In addition to its intrinsic scientific interest, adsorption
phenomena at a solid-liquid inteface may have important
technological consequences. For example, adsorption from
a liquid envirohment may provide a convenient way to coat a
surface with a monolayer of organic material.! If a pinhole
free, organic monolayer could be produced with a reasona-
ble dielectric constant, molecular-sized capacitors with rea-
sonable energy storage characteristics could be envisioned.
Adsorption phenomena could also be used to passivate a
surface from external modification, or to change the proper-
ties of a surface to reflect new and useful attributes (i.e.,
increased wear or lubrication?). Insight into the processes
that occur at an interface during adsorption from a liquid
environment may lead to new types of molecular electronic
devices, or to smart sensors with novel characteristics.>*

At the present time, the scanning tunneling microscope is
the only instrument that has the potential to visualize ad-
sorption phenomenon at a solid—liquid interface within a lig-
uid environment.> We are developing a complementary ap-
proach to the study of adsorption phenomena at a solid—
liquid surface. Our goal is to freeze the interface within its

2850 J. Vac. Sci. Technol. A 7 (4), Jul/Aug 1989

0734-2101/89/042850-04$01.00

liquid environment at a rate sufficient to create an encasing
layer of vitreous (viz. amorphous) ice.® The interface, rapid-
ly frozen in time, is then transferred under liquid nitrogen
into a high vacuum environment for anaylsis in the imaging
atom-probe (IAP) without damage or modification. Our
aim is to use the IAP to provide two-dimensional, mass-
resolved, spatial maps of species within the ice layer as a
function of distance from the interface.” Previous experience
with spatial mapping of species as a function of depth within
metallic solids suggests that the IAP procedure can provide
a spatial resolution better than 1 nm, and a mass resolution
of Am/m ~ 1/100 for m/n ~ 50 amu.® The IAP provides the
capability of subliming a conducting layer of ice at a cryo-
genic temperature, in a controlled fashion, to provide posi-
tive ions of all species within the layer for analysis. As theice
layer sublimes and the interface is exposed, a three-dimen-
sional image of isolated macromolecules and monolayer
structures adsorbed at its surface can be obtained on a nano-
meter scale.® This paper describes the procedures we have
developed for creating a layer of ice believed to be vitreous in
nature, for embedding an interface within the layer, and for
transporting the embedded interface through laboratory
ambient for analysis in high vacuum.

ll. EXPERIMENTAL TECHNIQUE

In our approach i» situ analysis of an interface is provided
by rapidly freezing the interface within a layer of vitreous ice
created from its liquid environment. The vitreous state is
unique in that crystal formation and solute partition (in fro-
zen aqueous solutions ) is absent on a nonameter scale.'” The
importance of vitreous ice for this study lies in its value as a
cryoprotectant. For example, biological structures have
been imaged in the transmission electron microscope
(TEM) on a scale of ~4 nm by preserving the structure in
vitreous ice.!! The interaction of the electron beam with the
vitreous ice layer during imaging can induce artifacts that
may limit the structural preservation of species embedded
within the layer. Since an electron beam is not used for IAP
analysis, structural detail on a much smaller scale may be
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preserved. The nature of the problem during TEM imaging
is illustrated by an example cited in the literature:

“...taking the value of 5% 10> e nm—2 as the [electron]

dose which induces severe bubbling [of a vitreous ice lay-

er]... it is found that a cube of pure protein must have a

side length of at least 6 nm to be correctly visible (S/

N = 5) before being destroyed”.'?

To obtain the vitreous state in an aqueous environment, the
liquid in the immediate vicinity of the interface must be rap-
idly frozen. A freezing rate of ~ 10° Ks ™' is required until a
temperature of ~ 135 K is reached.'?® Below this tempera-
ture water exists in the vitreous state, which is stable if the
temperature is not increased. The rapid cooling required for
creating the vitreous state is an advantage for adsorption
studies because the morphology of individual adsorbates at a
liquid-solid interface will be frozen in time, typically within
tens of microseconds.'* As a result, a snapshot of the micro-
environment at the interface can be preserved for analysis at
alater time. One can even envision the preparation of several
identical samples, frozen sequentially in time, for subsequent
anaylsis of a dynamic process occurring within a liquid envi-
ronment.

The procedure we have developed for optimizing the pro-
duction of a layer of vitreous ice is an adaptation of the
plunge freezing method developed by biologists to prepare
biological specimens for observation by cryoelectron mi-
croscopy in the TEM.'® The object of our procedure is to
provide an IAP substrate with a minimum covering of
aqueous solution at room temperature, and a way to insure
the liquid layer on the substrate will be rapidly frozen when
the substrate is plunged into a suitable cryogenic liquid.
When an object at room temperature is plunged into a cryo-
genic liquid, it will cool at a rate determined by its mass, and
by the thermal transfer properties of the insulating layer of
gas that initially forms at the object’s surface. The reduction
in the cooling rate produced by the insulating properties of
the gas layer is known as the Leidenfrost phenomenon. Cryo-
genic liquids (or cryogens), can be rated in terms of their
ability to minimize the Leidenfrost phenomenon. Table 1
compares the efficiency of several common cryogens (rela-
tive to ethane) in eliminating the Leidenfrost phenome-
non.'® Liquid nitrogen was used in this study.

Ill. SUBSTRATE CONSIDERATIONS

The substrate required for IAP analysis is a slender, need-
lelike, field-emitter #ijp. Imaging and analysis is perfomed at
the tip apex which is spherically shaped, and has a radius of
curvature typically < 1000 nm. Tips can be fabricated from
almost any material. However, the vitreous ice layer (and
the substrate below) must have a minimum resistivity of
~10'"" Q for IAP analysis to be successful with short dura-
tion, high-voltage pulses. High-voltage pulsing (rather than
thermal pulsing with a laser) insures that the substrate will
remain at the lowest possible temperature throughout the
IAP analysis procedure.'” In general, the conductivity re-
quirement places a limit on the insulating properties of the
liquid. A reasonably conducting liquid (or a conductive so-
lution such as NaCl in water ), may be required for successful
IAP analysis.
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TaBLE 1. Common cryogens and their efficiency (relative to ethane) in
minimizing the Leidenfrost phenomenon.

Cryogen Freezing point (K) Efficiency (%)
Ethane 102 100
Propane 83 77
Freon 13 88 62
Freon 22 118 55
Freon 12 121 38
Isopentane 113 38
LN, (frozen) 63 15
LN, (boiling) 77 8

Field-emitter tips are prepared by forming a wire or a rod
of the selected material to the required dimensions, usually
by chemical or electropolishing techniques.'® For example,
tungsten tips are quickly formed by polishing a small diame-
ter tungsten wire in 1 N NaOH, at a few volts ac. Large
radius tips that result from the polishing process can be
cleaned and made smooth on an atomic scale by surface self-
diffusion, performed by heating a tip close to its melting
point in high vacuum.'? Small radius tips can be field evapo-
rated in vacuum.?° Field evaporation is the most effective
cleaning and smoothing procedure known because the sur-
face of any solid can be dissolved in a controlled fashion until
the desired degree of surface perfection is achieved.

IV. VITREOUS ICE FORMATION

Figure 1 is an enlargement showing the end of a plunging
mechanism developed for accelerating a tip, through a vol-

FiG. 1. A mechanism designed for plunging a tip into a cryogenic liquid
(cryogen). (a) The plunger is positioned above a 20 uL droplet of liquid.
(b) The tip is immersed in the droplet of liquid retained by a wire loop. (¢)
The tip has been accelerated through the droplet of liquid by the release of a
spring mechanism.
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ume of liquid, into a suitable cryogen. Figure 1(a) shows a
tip, surrounded by a wire loop, positioned above a 20 ul
droplet of the desired liquid. In Fig. 1(b) the liquid has con-
tacted the wire loop, and is held in place by surface tension
forces. The tip (immersed in liquid at the center of the loop),
experiences adsorption from the liquid with a surface cover-
age that depends on the concentration of species in solution,
and the time of immersion.?! To prevent possible galvanic
corrosion of the tip surface during the adsorption process, a
teflon block electrically insulates the tip from the wire loop.

When a spring in the plunger mechanism is tripped, the tip
rapidly accelerates forward (through the wire loop and the
liquid volume), as shown in Fig. 1(c). A very thin layer of
liquid is maintained on the tip apex as it exits the drop of
liquid held by the wire loop. For plunge freezing, the plung-
ing mechanism is held just above the surface of a suitable
cryogen before the spring is released. This step in the proce-
dure is shown in Fig. 2.

Figure 2 shows a small volume of cryogen ( ~ 10 cc), and
an IAP anode assembly immersed in a dewar of liquid nitro-
gen. The cryogen is kept at its melting point by inserting a
glass rod (at room temperature) into its frozen surface just
before tip immersion. After immersing the tip in the liquid
droplet held by the wire loop, the plunging mechanism is
quickly positioned just above the liquid surface of the cryo-
gen. When the spring is tripped, the tip accelerates through
the wire loop into the cryogen where the thin layer of liquid
remaining on the tip apex freezes to form a layer of ice, be-
lieved to be vitreous in nature.

In the next step of the procedure, tweezers cooled with
liquid nitrogen are used to remove the tip from the plunging
mechanism through the surface of the cryogen. The tip is
then placed into a blind hole in the anode assembly of the
IAP where it is immersed just under the surface of the liquid
nitrogen in the dewar. The tip is protected from gas phase

FIG. 2. The formation of vitreous ice at the tip apex. A tip has been acceler-
ated by a plunger into a cryogen, cooled by liquid nitrogen in a dewar. An
IAP anode assembly has been placed under the surface of the liquid nitro-
gen in the dewar. The tip is ready to be transferred into a hole in the IAP
anode assembly.
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contamination during transfer from the cryogen to the an-
ode assembly by the atmosphere of pure nitrogen gas that
exists above the surface of the liquid nitrogen in the dewar.

The procedure used to transfer the anode assembly into
the high vaccum environment of the IAP is shown in Fig. 3.
A tweezers precooled by liquid nitrogen lifts the IAP anode
assembly out of the liquid nitrogen in the dewar and into
laboratory ambient where it is transferred onto the cold
stage of the IAP, precooled to 80 K. Contamination from
laboratory ambient during transfer into the IAP is prevented
by a continuous supply of nitrogen gas that flows from the
surface of the liquid nitrogen in the anode assembly, up over
its edge, and down over the outside of the anode assembly.
Frost does not condense on the anode assembly during the
transfer operation (even with a high humidity environment
in the laboratory), provided rapid movements that could
disrupt the flow of nitrogen gas are avoided.

V. FIELD-ION IMAGING

Field-ion microscopy is an integral part of the IAP tech-
nique. As a result of the tip preparation technique, the sur-
face of the tip apex will display many different crystal planes
of low and high Miller indices. These will be smoothly joined
into an approximately hemispherical contour, and will be
symmetrically placed about the tip axis. Field-ion micros-
copy displays the symmetry of the tip apex by imaging atoms
on its surface with a magnification typically greater than 105,
During the imaging process, positive ions created in space
directly above the most protruding surface atoms accelerate
almost radially from the tip apex. Image resolution is deter-
mined by the spread in the kinetic energy of the imaging gas
ions parallel to the tip surface, the spatial extent of the ioni-
zation region, and the finite de Broglie wavelength of the ion.
In practice, a subnanometer spatial resolution is obtained in
a field-ion image under normal imaging conditions.

FI1G. 3. The transfer of a tip in an IAP anode assembly through laboratory
ambient. The tip is immersed in liquid nitrogen. Nitrogen gas from the
liquid surface flows up, travels over the edge of the IAP anode assembly,
and flows down over its external surface. The flow of nitrogen gas prevents
frost buildup on the IAP anode assembly during transfer into high vacuum.
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FIG. 4. A field-ion image of the apex of a tungsten tip after plunge freezing a
tip in liquid nitrogen at 80 K.

Field-ion imaging was used in this study to assess the ef-
fect of freezing the apex of several tungsten tips. Field-ion
images taken before and after the plunge freezing procedure
were compared to evaluate lattice damage resulting from the
freezing process. Figure 4 shows the apex of a typical tung-
sten tip used in this study, imaged by field-ion microscopy
after plunge freezing the tip in liquid nitrogen. Although the
results of the field-ion study are still being evaluated, it ap-
pears that the lattice structure of a tungsten surface is pre-
served on a subnanometer scale during the freezing process.

VI. SUMMARY AND CONCLUSIONS

A novel approach has been outlined for studying adsorp-
tion phenomena at a solid-liquid interface in the imaging
atom-probe mass spectrometer. A solid-liquid interface is
preserved at an instant of time for subsequent analysis in the
IAP, by encasing and embedding the interface within a thin
layer of vitreous ice formed from the liquid in its immediate
vicinity. The vitreous ice layer is created at the apex of a
field-emitter tip by quicky immersing a tip, coated with a
thin layer of liquid, into a suitable cryogen held at its freezing
point in a dewar of liquid nitrogen. After immersion in the
cryogen, the tip is tranferred to the anode assembly of the
IAP which is immersed in liquid nitrogen. The transfer is
made in the atmosphere of pure nitrogen gas, existing above
the surface of liquid nitrogen in the dewar. The tip is im-
mersed within liquid nitrogen, contained within the cuplike
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anode assembly of the IAP. During transport through labo-
ratory ambient into high vacuum, the anode assembly is pro-
tected from contamination and frost condensation by a pro-
tective layer of nitrogen gas produced by the liquid nitrogen
retained by the anode assembly.

Field-ion microscopy of the tip apex suggests that the
freezing protocol and the transport technique discussed in
this paper do not cause lattice damage of the tip apex on a
subnanometer scale. Unfortunately, field-ion microscopy
cannot be used to verify the vitreous nature of the ice layer
believed to be present on the tip apex. Indirect evidence for
the formation of vitreous ice may come from IAP analysis of
the ice layer. Ultimately, the formation of vitreous ice on the
tip apex may have to be verified by electron diffraction an-
aylsis of the ice layer in the TEM. Adapting a conventional
TEM cryostage for this purpose will be initiated in the near
future.

ACKNOWLEDGMENT

This work was supported by the United States Depart-
ment of Energy, Office of Basic Energy Sciences, under
DOE Grant No. DE-FG04-88ER45348.

'J. Feder and L. Giaever, J. Colloid Interface Sci. 78, 144 (1980).

2Deposition Technologies for Films and Coatings, edited by R. F. Bunshah
(Noyes, Park Ridge, 1982).

E. L. Carter, J. Vac. Sci. Technol. B 1, 959 (1983).

4S. Middelhoek and A. C. Hoogerwerf, Transducers ‘85, IEEE Catalog
#85-CH-2127-9 (IEEE, Piscataway, NJ, 1985), p.2.

SR. Sonnenfeld and P. K. Hansma, Science 232, 211 (1986).

®Cryotechniques in Biological Electron Microscopy, edited by R. A. Stein-
brecht and K. Zierold (Springer, New York, 1986).

"J. A. Panitz, Progress in Surface Science (Pergammon, New York, 1978),
Vol. 8, pp. 219-262.

3. A. Panitz, J. Nucl. Mater. 63, 477 (1976).

°J. A. Panitz, The Analysis of Organic and Biological Surfaces, edited by P.
Echlin (Wiley, New York, 1984), pp. 171-190.

'9T, Dubochet and J. Lepault, J. Phys. 45, C7/85 (1984).

""A. W.McDowall, J.-J. Chang, R. Freeman, J. Lepault, C. A. Walter, and
J. Dubochet, J. Microsc. 131, 1 (1983).

'2A. W. McDowall, J.-J. Chang, R. Freeman, J. Lepault, C. A. Walter, and
J. Dubochet , J. Microsc. 131, 8 (1983).

3N. Unwin, Recent Advances in Electron and Light Optical Imaging in
Biology and Medicine, edited by A. P. Somlyo (NY Academy Sciences,
New York, 1986), Vol. 483, pp. 1-4.

'“Cryotechniques in Biological Electron Microscopy, edited by R. A. Stein-
brecht and K. Zierold (Springer, New York, 1986), p. 30.

SD. A. Handley, J. T. Alexander, and Chien Shu, J. Microsc. 121, 273
(1981).

'%Cryotechniques in Biological Electron Microscopy, edited by R. A. Stein-
brecht and K. Zierold (Springer, New York, 1986), p. 89.

7], A. Panitz and J. J. Hren, J. Vac. Sci. Technol. A 5, 1032 (1987).

"E. W. Miiller and T. T. Tsong, Field Ion Microscopy: Principles and Appli-
cations (Elsevier, New York, 1969), p. 119.

9], L. Boling and W. W. Dolan, J. Appl. Phys. 29, 556 (1958).

20FE. W. Miiller, Advances in Electronics and Electron Physics (Academic,
New York, 1960), Vol. 13, pp. 83-179.

2'3. A. Panitz et al., J. Elect. Microsc. Technol. 2, 285 (1985).



