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A new technique for analyzing thin film growth processes, called positron tunneling
microscopy (PTM)}), is proposed as an extension of the recently developed positron
reemission microscope. The unique feature of a PTM is that image contrast is
provided by the exponential reemission probability for positrons tunneling through
thin-film overlayers that present an energy barrier to reemission. Results of positron
tunneling experiments show that PTM should have monolayer thickness resolution
to processes that locally affect either the tunneling barrier’s width, such as islanding
and subsurface roughness, or the barrier’s energy, such as lattice strain in pseudo-
morphic growth and compositional mixing in interdiffusion alloying. In the case of
these latter effects where there may be no topological contrasts at all, experimental
results are discussed in greater detail. Comparisons of PTM with existing electron
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microscopies are presented where appropriate.

Characterization of the nucleation, growth, and de-
fect structure of thin films is of critical importance in
systematically and reproducibly studying multilayer sys-
tems. For films below 104 thick there are relatively
few techniques available that can provide suitable con-
trast and high lateral resolution for imaging analysis.
Based on our studies of positron tunneling and reemis-
sion from thin multilayer systems [1,2] we conclude that
a new technique, using the recently developed positron
reemission microscope [3,4], should ultimately permit
several Angstrom resolution imaging of morphological
and/or chemical potential variations in a film that is
only two or three atomic layers thick. We call this new
technique positron tunneling microscopy (PTM). In this
paper we discuss the basic positron tunneling process,
how it would provide contrast in a PTM, and the lat-
eral and thickness resolutions that can eventually be
expected from improved positron microscopes. We will
describe the basic physics of specific applications in thin
film growth including the imaging of islands, pinhole
defects, substrate roughness, lattice strain, and inter-
diffusion alloying. Where possible we will point out ad-
vantages and disadvantages of PTM relative to existing
microscopies. However, we consider this new technique
to be complementary to, rather than competitive with,
electron techniques, since PTM may yield new informa-
tion on systems for which electron images are presently
not adequate.

A PTM is an ultra high vacuum positron reemis-
sion microscope (PRM) with a suitably chosen target
for positron tunneling (to be discussed). A positron
beam of high beam-optical brightness is generated us-
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ing a positron source, a moderator, and two remoder-
ators [5]. This beam of several keV kinetic energy is
focused onto a target in which the positrons thermalize
and, with some probability, diffuse back to the surface.
If the positron work function of the surface is negative
(as it is for many metals, see Reference 6 for a review)
positrons can be reemitted with typical energies of or-
der 1 eV. These positrons are accelerated and focused
to form an image on a channel electron multiplier array
(CEMA) coupled to a phosphor screen. Image contrast
is provided by any mechanism that locally affects the
transport to, or reemission from, the surface.

Positron transport in a multilayer system [1,7] is
complicated by the fact that the positron ground state
energy in each of the layers is different, and depends on
the bulk chemical potential sum ¥ = pu+ + u~. Thus a
positron implanted and thermalized in a substrate will
encounter a potential energy change AY. equal to the
change in positron chemical potential Aut plus an in-
terface potential difference Ay~ required by equilibrium
of the electron Fermi levels across the interface. Mea-~
sured values of ¥ for some typical materials can be found
in Reference 1. If the overlayer value of ¥ is greater than
that of the substrate, then positrons that have thermal-
ized in the substrate must tunnel through the resultant
energy barrier in order to be emitted from the surface.
Such a sample, suitable for PTM analysis, is illustrated
in Figure 1 for a Co film on Ni. In this case, AY is
about 0.5 eV (1], assuming bulk Co growth on the Ni.

We have measured the tunneling “current” for posi-
trons that have thermalized in Ni(100) and Ni(111) sub-
strates as a function of the thickness of thin, epitaxially
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Figure 1. A simplified view of the tunneling of positrons
(that have thermalized in a Ni substrate) through a Co
overlayer. It is assumed that AY = 0.5 ¢V corresponds
to the difference in the bulk values of X.

grown, Co overlayers (see Figure 2). The rate of ree-
mission is observed to decrease roughly exponentially
for increasing overlayer thickness k, with an exponential
constant of 1.5-2.0 A. If we ignore the detailed shape of
the barrier and assume it to be square, then the tunnel-
ing probability P should asymptotically approach

., /B3m(AL-E)

Pxe % with o™ l=
k
where FE, the positron kinetic energy in the substrate,
is typically thermal. For the Co on Ni sample, we thus
expect a to be about 1.4 A, in reasonable agreement
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Figure 2. Experimental results for positrons tunnel-

ing through epitaxially grown overlayers of Co on single
crystal Ni substrates. The overlayer thickness A is deter-
mined by Auger spectroscopy and has a systematic un-
certainty of about 20%. The ordinate is the count rate
of reemitted positrons in the Ni energy peak, normal-
ized to 10* and 102 respectively at A = 0. The technique
of reemitted positron energy spectroscopy is discussed
‘n Reference 1.
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with our observations. It is this exponential dependence
of the positron tunneling probability on film thickness
and barrier height AT that can produce sharp contrast
in a PTM for small changes in morphology that affect
these parameters. As a result, the most straightforward
use of the PTM is to image film thickness variations at
different stages of nucleation and growth. As depicted
in Figure 3, islanding, steps and ledges, and pinhole
defects in the overlayer could be imaged with monolayer
thickness resolution. In addition, subsurface roughness
due to interfacial instability during the growth process
could be imaged under some circumstances even if the
overlayer surface is perfectly flat. Thus the PTM could
be used to systematically monitor the growth mode and
quality of a thin film overlayer with monolayer thickness
resolution under most circumstances. Before turning to
other applications in film growth we will first consider
the lateral resolution to be expected for a PTM.

Given certain estimates for the size of the radioac-
tive source, and the operation of the moderators and
remoderators, we can estimate the brightness of the
positron beam in a PRM. This is the primary factor that
determines the lateral resolution of the image. In partic-
ular, we use values that we ultimately hope to achieve in
our own positron microscope construction project over
the next several years. Taking a source activity of order
100 Ci of 8Co (15% A+ emission branching ratio), and

EMITTED
PCSITRONS

EMITTED

OVERLAYER POSITRONS

SUBSTRATE
"DARK" ISLANDS

MNMIsIsms,sri R IRERY T I
"PIN-HOLE" DEFECT

[
SN N AR

THICKNESS VARIATIONS

A
\\\\\\\\\\\\

\\
SUBSTRATE OR "HIDDEN" ROUGHNESS

"’//
’//
"///
/
////

Figure 3. Simplified representation of several types of
thickness variations in thin film overlayers that could be
observed in a PTM.
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an initial moderator efficiency of 1 x 10~3, we obtain an
initial (un-remoderated) positron beam rate of roughly
6 x 10® et/s. For two remoderators of 10% efficiency
each, this yields 6 x 10® e* /s on target. Brightness en-
hancement calculations applied to the emittance of a
typical positron moderator (assuming a 5 mm diameter
radioactive source) yield a final beam diameter on target
of around 5 pm at a final beam energy of 4 keV. Using
typical spherical aberration coefficients for the objective
lens of an emission-microscope optical system [8], we
can estimate the overall resolution for any given expo-
sure time and any desired, counting-statistics limited,
signal-to-noise ratio. Taking an exposure time of one
hour and a 30:1 signal-to-noise ratio, we obtain [9] an
expected resolution of approximately 15 A. Ultimately,
we expect this figure to approach several Angstroms as
remoderators are perfected (and perhaps cooled) and as
more intense positron sources are utilized.

By way of comparison, many of the overlayer topo-
logical features visible with PTM might also be studied
by scanning electron microscopy (SEM). This technique
is very sensitive to surface topology, and like PTM, can
be used directly with thick samples. SEM is however,
primarily a surface technique, being relatively insensi-
tive to most subsurface features. In addition, its resolu-
tion tends to be in the 50~100 A regime for most instru-
ments, with higher resolutions generally involving in-
creased incident beam energy, which can lower contrast
or damage samples. Thus, while many of the surface
topological features visible to PTM might also be ob-
servable using SEM, most interface topology would not.
Moreover, the expected ultimate resolution of a PTM
should be several times better than that usually avail-
able using SEM, although PTM exposure times will gen-
erally be much longer. This emphasizes the complemen-
tary nature of PTM and electron microscopies: a scan-
ning electron microscope incorporated into a positron
microscope would serve as an excellent probe for locat-
ing target features for more detailed study with higher
resolution PTM.

Since the tunneling probability of a positron through
an overlayer depends exponentially on both h and AT,
a PTM micrograph is, in effect, an image of overlayer
thickness for constant ¥ (as depicted in Figure 3), or
an image of the local value of ¥ for constant thickness.
This latter effect of direct sensitivity to chemical poten-
tial appears to be a unique attribute of PTM. It opens a
wide range of physical phenomena in overlayer systems
to study using a PTM, since many phenomena can affect
the value of T in the overlayer. One example is strain in
the overlayer lattice, or in other words a change in over-
layer lattice constant from its bulk value. Because of the
large positron deformation potential of many materials
[10], typically -(10—15)eV, a strain-induced volume ex-
pansion of several percent can change ¥ of an overlayer,
and hence AX, by nearly 0.5 V. Thus PTM can be very

sensitive to small changes in overlayer lattice constant.
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An example [2] of this is given in Figure 4. There we
plot data on the number of positrons reemitted through
thin overlayers of Ni grown epitaxially on Cu(110) and
Cu(111) substrates, as a function of the overlayer thick-
ness. This system exhibits pseudomorphic growth of
the Ni until a critical thickness is reached (h, ~ 14
A). At this point, misfit dislocations appear and the
overlayer lattice constant relaxes to essentially the bulk
value. During the pseudomorphic phase, ¥ of the over-
layer is strain-shifted downward from its bulk value by
just over 0.5 €V. This is larger than the 0.5 eV value
of AY between unstrained Ni and Cu, and thus during
pseudomorphic growth the tunneling barrier disappears.
The slope of the data in the pseudomorphic region for
the semi-logarithmic plot of Figure 4 (~ 22 &) is con-
sistent with the mean free path of a low energy positron
traveling through the overlayer [11]. Only beyond the
critical thickness does the slope revert to a value that
is more consistent with tunneling through a barrier (see
Reference 2 for a more detailed discussion).

Thus a PTM should be able to image strain in an
overlayer as thin as 1-2 monolayers. Depending on the
particular values of AY and the deformation potential,
strain-induced variations in lattice constant of 1% or less
should be readily visible in such images. PTM strain
images acquired in-situ at various stages of film growth
as average film thickness goes through h. should pro-
vide a very interesting local view of the pseudomorphic
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Figure 4. Reemitted positron energy spectroscopy

results (reproduced from Reference 2) for epitaxial Ni
films of thickness h grown on Cu substrates (and an-
nealed at 200°C). The ordinate is the count rate of
reemitted positrons in the Cu energy peak, normalized
to 10* and 102 at A = 0 as in Figure 2. The critical
thickness h. for pseudomorphic growth is indicated by
a sudden change in the exponential slope.
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growth transition and subsequent lattice relaxation. Im-
ages of lattice strain near steps and ledges may yield
significant information on overlayer growth mechanisms.
Strained regions such as those surrounding a dislocation
may act to trap charge or impurities, thereby changing
the chemical activity of these sites in catalytic systems.
Thus in chemical catalysis research, as well as materi-
als research, a PTM micrograph showing the location
of strain in an overlayer should be extremely useful.

The traditional electron microscopy for studying
strain in an overlayer is transmission electron microscopy
(TEM). Strain is observed through its diffractive effects
on the electron beam [12]. The primary advantages
of TEM are high resolution and an ability to observe
subsurface features. Its disadvantages are a need for
very thin samples, and low contrast in cases where the
substrate and overlayer have similar electron scattering
cross sections. It is unlikely that PTM will be able to
obtain resolutions comparable to the best TEM resolu-
tions because of the relatively large aberrations in the
objective lens used to accelerate the reemitted positrons
away from the target, and because of the low intensity
of positron beams relative to electron beams. (The for-
mer problem is inherent in all reemission microscopies.
[13]) However, image contrast for such effects as over-
layer strain should be much higher for the PTM, be-
cause of the exponential dependence of the tunneling
probability on AX. Furthermore, there is no need for
thin samples. Thick, robust targets can be used di-
rectly without prior preparation, and can be studied
during in-situ operations such as film coating, sputter-
ing, heating, or chemical catalysis. This property is
common to most positron microscopies [3], and repre-
sents a significant advantage. In addition, PTM anal-
ysis is not damaging to most samples, as both current
density and absorbed radiation dose are quite small [4].
Thus, in general, positron microscopy should be consid-
ered a non-destructive testing method.

Another overlayer property that can influence ¥ and
hence AY, is chemical composition [1]. In Figure 5 we
show the variation in ¥ for Ni-Cu substitutional alloys
as a function of composition. As can be seen from the
figure, the chemical potential sum varies more or less
linearly with fractional composition from its pure Cu
value to its pure Ni value. Because of the exponential
dependence of the tunneling probability on AX, a PTM
image should thus be a very sensitive measure of the
chemical or alloy composition of an overlayer. A PTM
micrograph might then be regarded as an image of im-
purity distribution, provided the local concentration is
high enough to shift AX by a measurable amount. A
high-resolution image of the distribution of impurities
in an overlayer can be very useful in a variety of sys-
tems. Studies of interdiffusion alloying, impurity mi-
gration and aggregation, grain boundary diffusion, and
spiking of the substrate through the overlayer should all
be possible using the PTM technique.
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The electron microscopy that is most directly sen-
sitive to chemical composition is scanning Auger mi-
croscopy (SAM). This technique is similar to SEM, the
difference being that the signal detected is Auger elec-
tron emission rather than secondary electron emisssion.
Thus SAM is primarily sensitive to chemical composi-
tion up to a depth of about 10 A below the sample sur-
face, a depth roughly comparable to that accessible to
PTM. Because of the low probability of Auger emission
as opposed to secondary electron emission, the resolu-
tion of a typical SAM is generally at least an order of
magnitude worse than that of a typical SEM. Thus PTM
resolutions should be significantly better than those of
SAM. This is particularly important since many of the
structures (islands, steps, etc.) that are of interest in
studies of micro-chemical-composition are below the res-
olution limit of the SAM technique.

Finally, we should point out the strong connection
between PTM and scanning tunneling microscopy (STM).
STM offers resolution better than any other microscopy,
and it is rapidly finding more and more applications.
The PTM and STM methods both depend on tunnel-
ing currents, STM on the tunneling of electrons through
a surface potential barrier to a nearby probe tip, and
PTM on the intrinsic tunneling behavior of positrons
through the potential barrier presented by a thin over-
layer. Thus it should be extremely interesting to com-
pare STM and PTM micrographs of the same sam-
ple. One of the contrasts between the two techniques is
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Figure 5. The shift in the overlayer value of ¥ from

that of pure Cu plotted as a function of Ni alloy frac-
tion (as determined by Auger spectroscopy) for films
that were deposited as pure Cu on a Ni(110) substrate.
The sample was heated for 2 minutes at successively
higher temperatures up to a maximum of 930°C to in-
duce interdiffusion alloying. These data are replotted
from Reference 1.
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the fact that PTM is directly sensitive to the overlayer
thickness while STM is sensitive to the overall topology
of the surface. Thus interfacial topology as opposed to
surface topology should be more readily visible using
PTM. Another difference is the fact that a sample con-
tains many electrons, but generally (even in a high flux
beam) at most a single positron. Thus differences in
electron energy levels from point to point in a material
are masked by the internal electric fields generated by
charge migrating to regions of reduced potential energy.
That is, the Fermi level of a metal is forced by the flow
of charge to be spatially constant just as it must be be-
tween substrate and overlayer. Positron energy levels
on the other hand, can change as one moves from one
point in a sample to another, for example, from a region
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of low to one of high strain. Thus, although there are
many similarities between PTM and STM, there are also
many differences, and it will be particularly interesting
comparing the two methods when PTM resolution ap-
proaches the tens of Angstroms level.
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