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We present experimental results on a technique that combines laser ablation with selective
ionization in order to generate and subsequently separate neutral mixtures. For example,
in the laser ablation (λ ) 308 nm) of K4In4Sb6, irradiation of the ablation plume with 248
nm laser light induces selective ionization of potassium. Subsequent electric field extraction
leads to macroscopic depletion of potassium from the ablation plume. Quantification via
scanning Auger electron spectroscopy of thin films deposited from such ablation plumes
reveals that even without optimization of the spatial overlap between the ablation plume
and the ionization laser, the technique leads to∼60% removal of potassium. While at present
it is not clear whether conditions exist for full quantitative removal of the potassium, it is
apparent that control over the neutral plume has been exerted.

I. Introduction

In a variety of chemical situations, controlling the
composition of a mixture is a desirable outcome. When
ions are involved, electric and/or magnetic fields can be
utilized to exert influence over the system. With neutral
mixtures, however, control is often much more elusive.
Recently, we presented experimental results on a novel
technique1,2 (referred to as the ablation/ionization
scheme) that utilizes laser ablation and subsequent
selective ionization to control neutral systems, the
example being I-III-V Zintl compounds.3,4 Selective
ionization of the group I element enables one to change
the composition of a gas-phase plume in a controlled
fashion. In the present work, macroscopic control over
the ablation plune is demonstrated. Briefly, the prin-
ciple of the method can be described as (i) laser ablation
of a I-III-V Zintl compound, followed by (ii) removal
of the group I element via selective gas-phase laser
ionization and extraction in an electric field, and (iii)
subsequent redeposition of the remaining group III and
group V elements. In the present paper, we report on
continuing efforts in our group to explore the feasibility
of using laser-based methods to alter the composition
of neutral mixtures.
The ablation/ionization scheme relies on selective

ionization of only the group I element in a plume arising
from laser ablation of a I-III-V Zintl compound. In
principle, such selectivity can be achieved with laser
radiation possessing a photon energy above the ioniza-
tion potential of the group I element and below that of

the group III and group V elements. For a variety of
I-III-V Zintl compounds (e.g., K4In4Sb6, K3Ga3As4, and
Rb‚Ga‚Sb), conditions have been found for reproducible
ablation and selective laser ionization/removal of the
group I element from its ablation plume.1,5 However,
these studies have been conducted in the ionization
region of a time-of-flight mass spectrometer (TOFMS)
and do not determine whether the selective removal
effect can be scaled macroscopically, since laser ioniza-
tion within the TOFMS utilizes only a small volume of
a tight laser focus (necessary for high mass spectral
resolution). In contrast, “macroscopic” removal of the
group I element requires an experimental geometry in
which a majority of the ablation plume is effectively
irradiated by the ionization laser.
Within the materials community, there is consider-

able interest in a variety of dopants in many applica-
tions.6-10 Likewise, III-V multilayered materials are
commonplace. Eventually, if one can adjust the amount
of potassium (or other element of choice) removed on a
shot-to-shot basis and over a wide range, then a poten-
tially powerful doping technique is available with ap-
plications ranging from the fabrication of doped gradi-
ents to layered materials. Selective ionization within
an ablated plume offers this capability. Since I-III-V
Zintl materials represent uniformly mixed precursors
possessing an element with a low ionization potential,
they constitute a good choice for addressing macroscopic
control of a neutral mixture.
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However, it is not clear a priori whether macroscopic
conditions can be found for selective removal of the
group I species from a I-III-V Zintl material, since
scaling of the ablation/ionization scheme does not neces-
sarily constitute a trivial extrapolation of our previously
reported ablation/ionization studies. In this paper, it
is clearly demonstrated that macroscopic removal of the
group I element (in this case potassium) after the laser
ablation of K4In4Sb6 is possible. Consequently, selective
depletion of a neutral mixture via an ablation/ionization/
deposition scheme is indeed a viable method by which
neutral mixtures can be macroscopically controlled.

II. Experimental Section

The ablation/deposition studies were conducted in a diffu-
sion-pumped high-vacuum system (base pressure ∼5 × 10-8

Torr).2 A schematic top view of the experimental setup is
presented in Figure 1. The main chamber consists of a
standard 6 in. “knife-edge” stainless steel cube. To provide a
constantly fresh target surface during the ablation process,
the ablation targets are mounted on a motorized rotary motion
feedthrough (1 in Figure 1). The target stub can be insulated
from ground with a Teflon coupler, thereby allowing it to be
biased electrically. The deposition substrates (2 in Figure 1)
are mounted on a linear motion feedthrough for manipulation
under vacuum. The feedthrough accommodates six substrates
as well as an oscillating quartz crystal sensor (Leybold, not
shown) for thin-film thickness monitoring. Both the targets
and the deposition substrates are mounted on standard VG
ESCALAB stubs for compatibility with the sample-handling
requirements pertaining to subsequent surface analysis. The
ablation targets are prepared in inert atmosphere by pressing
powdered K4In4Sb6 to 0.5 in. diameter pellets, and the pellets
are then attached with conductive carbon pads to the sample
stubs. The deposition is carried out directly on the surface of
polished (1200 grid, ∼200 nm surface roughness as measured
with a Tencor stylus profilometer) aluminum stubs that have
been thoroughly cleaned and gold plated. Since the compound
is air and moisture sensitive, it is introduced into the chamber
through a quick-access loading port (not shown) covered with
a glovebag and under a backstream of argon.
Laser beams are introduced into the chamber through

custom-designed 4 in. quartz viewports. A XeCl excimer laser

(λ ) 308 nm, Lambda Physik) serves as the ablation source.
It is moderately focused (f.l. ) 25 cm) to ∼2 mm2 on the target
surface. Typically, ∼3 mJ of photon energy is transmitted to
the target per pulse, producing laser power densities upon
focusing of∼10 MW/cm2. The output from a KrF excimer laser
(λ ) 248 nm, Questek), typically 10 mJ incident per pulse, is
cylindrically focused with a barrel lens (f.l. ) 25 cm) and is
used for ionization. Due to the difficulties inherent in estimat-
ing the actual size of the laser focus, the resulting power
densities upon focusing are obtained only as a rough estimate.
A stand-alone electrode assembly (not shown) provides the
electric field necessary for diverting the positive ions from the
ablation plume. The assembly is primarily a metal plate with
a central hole (1 cm) covered by a wire mesh that allows the
ablation plume to pass. Biased at +1000 V with respect to
the grounded chamber, the plate lies between the ablation
target and the deposition substrate. With respect to Figure
1, the plate is perpendicular to the plane of the paper. In
general, the electric field gradient is sufficient for removing
neutral atoms that have been ionized by the ionization laser.
However, the act of ablation can generate energized ions that
exceed the repeller voltage (+1000 V) if care is not taken, so
the ablation plume should be characterized and monitored
with respect to both neutrals and ions.
Under typical experimental conditions, deposition rates of

∼0.5 Å/s are achieved, yielding film thicknesses on the order
of 100 nm in deposition times of ∼30 min. To monitor in situ
thin-film growth during deposition, the reflection from an
energy-stabilized, linearly-polarized He-Ne laser (Melles
Griot) is continuously measured with a photodiode (Thorlabs
Inc.), amplified, and recorded on a chart recorder. For
monitoring of the photoproducts responsible for thin-film
deposition,11,12 the system is equipped with a differentially
pumped quadrupole mass spectrometer (Extrel C-50). It is
important to note that the detection in this setup is not
accomplished in situ during the deposition, but before and/or
after the film is deposited by pulling up the substrate holder
and exposing the ablation spot to the centerline extraction axis
of the quadrupole mass spectrometer.
For surface analysis, the samples are transferred under

inert atmosphere to the preparation chamber of a standard
VG ESCALABMARK II surface analysis instrument and then
loaded in the analysis chamber, which is equipped with an
LEG200 scanning electron source that has a minimum electron
beam diameter of∼2000 Å. Auger electron spectroscopy (AES)
data are collected with a primary beam energy of 5 keV and
in a 1:4 constant retard ratio mode. The data are then
transferred from the VG ESCALAB instrument to an IBM-
PC with which custom-built software is used for subsequent
data processing.

III. Results and Discussion

Given the relative ionization potentials (4.34, 5.79,
and 8.64 eV for K, In, and Sb, respectively),13 the
ionization laser (KrF; 5.0 eV) is clearly above the
ionization potential of atomic potassium and below that
of atomic indium and antimony. As a result, selective
removal of potassium is not only theoretically possible,
but it has been dramatically demonstrated.1 However,
the presence of higher order neutral species (e.g., dimers
and trimers) and two-photon ionization processes con-
stitute possible complications in what may appear to
be a straightforward procedure. Consequently, it is
desirable to address the degree of control that one can
exert over a neutral mixture by measuring to what
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(13) Lide, D. R., Ed.CRC Handbook of Chemistry and Physics,
CRC: Boston, 1990.

Figure 1. Top view schematic of the high-vacuum ablation/
deposition system illustrating the geometry of laser irradia-
tion. The ablation target is marked (1), and deposition occurs
at the substrate (2). All laser beams lie in the plane of the
figure.
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extent the deposited material is actually depleted in the
targeted species, in this case potassium.
The deposition geometry for these experiments is

depicted in Figure 2. A mask in the form of a narrow
slit is used for deposition onto only a small area of the
substrate, thereby resulting in a narrow stripe. Here,
no attempt is made to remove the potassium. Next, the
substrate is moved and another stripe is deposited
under different deposition conditions, i.e., the potassium
is actively removed. Deposition onto the same substrate
during the same vacuum cycle ensures that the deposits
receive identical pre- and post-treatment and gives a
basis for comparison of their properties as a function of
the deposition conditions only. Another advantage is
that the deposits are not in contact with each other, thus
making the migration of elements between them un-
likely. For analysis, small-area AES is applied to study
the composition of the individual deposits (stripes), and
compositional maps are also produced from an area
encompassing both of the deposits, as depicted in Figure
2.
Figure 3 presents the results from a scanning Auger

microscopy study for two adjacent thin films deposited
by laser ablation/ionization of K4In4Sb6 according to the
geometry shown in Figure 2. For this technique (known
also as Auger imaging or element mapping),14 the
kinetic energies of the Auger transitions for the ele-
ments of interest are first determined using an Auger
spectrum collected from the entire area. For each
element to be analyzed, the spectrometer is fixed to an
electron kinetic energy corresponding to that element’s
most significant Auger transition, and the interrogating
electron beam is then scanned across the area of
interest. Intensities for peak, P, and background, B, are
collected, averaged as necessary, and stored for each
pixel. The peak data alone are not sufficient, since the
Auger peaks appear on a high background of backscat-
tered electrons and of peaks at higher kinetic energies.
The data on Figure 3 represent peak minus background
intensities, P - B, after spike removal. (Note that spike
removal is based on assigning a value to the spike from
adjacent averaging of a user-defined neighboring re-
gion.) The negative intensity values result from mea-
surements of the peak and background at adjacent
energies and correspond to negligible surface concentra-
tion of the corresponding element. The spot size for this
case is estimated at ∼10 µm, and data points were
acquired for a 128 × 128 matrix evenly spaced between
the available 1024 × 1024 pixels.
The three plots in the left column of Figure 3

represent compositional surface maps of potassium,

indium, and antimony, respectively. For this experi-
ment, the film to the left within each subfigure has been
deposited without ionization of the ablation plume.
During the deposition of the film on the right within
each subfigure, 248 nm laser ionization has been applied
following a 10 µs delay with respect to the ablation
pulse. It is apparent that the potassium intensity (top
plot) for the film deposited with ionization is signifi-
cantly reduced. Clearly, the potassium has been mark-
edly depleted. In contrast, the indium and antimony
intensities (middle and bottom plots) for the film
deposited with ionization (to the right in each subfigure)
have increased. This result is consistent with the fact
that the relative concentrations of these elements on the
surface should be higher in the absence of potassium
and again indirectly confirms the removal of potassium.
The presence of such high intensities from indium and
antimony suggests that their deposition has not been
significantly affected by the process of potassium re-
moval. The combination of the three plots presents
unambiguous evidence that selective removal of the
group I element from a thin-film deposit has been
achieved, while the group III and V elements have been
redeposited with relatively little alteration.
A different depiction of these results can be achieved

by plotting them in the form of surface images as
presented with the three plots in the right column of
Figure 3. These images correspond to the compositional
surface maps of the left column and represent a top view
projection of the data after two-dimensional interpola-
tion and rescaling to 256 gray levels. One should bear
in mind that although this type of projection resembles
a scanning electron microscopy image, it is essentially
a concentrational map for the corresponding element
resulting from chemical analysis for each pixel, rather
than a topological picture of the surface. The potassium
image (top plot) reveals the film deposited with ioniza-
tion (bottom right corner in this projection) as a less
dense area which corresponds to reduced potassium
concentration.
As seen, these images give more information on

details not otherwise seen on the compositional maps.
First of all, the surface-defect picture is clearly revealed.
(The particular substrate used in this experimentsa
gold-plated aluminum stubsdeveloped surface defects,
probably due to the poor adhesion of the gold under-
layer.) An interesting effect is that the indium and
antimony images reveal almost one and the same defect
picture, different from the one for potassium. A detailed
study of the composition and structure of this type of
deposit is currently underway.
To quantify the degree of potassium removal, an AES

spectrum was taken separately for each of the twin
films. Procedurally, the interrogating electron beam
size was enlarged to fill the central portion of the stripe
being examined. The results for the potassium region
taken at 10 µs ionization delay are presented in Figure
4, together with another study made with laser ioniza-
tion delays of 5 and 7.5 µs. The trace for the film
without ionization (ablation only) clearly exhibits the
highest potassium concentration, while the traces with
successive increase of the delay show reduction in the
potassium concentration. Note that in each case, an
“ablation only” area was measured and its intensity

(14) Briggs, D.; Seah, M. P., Eds. Practical Surface Analysis By
Auger and X-ray Photoelectron Spectroscopy; Wiley: New York, 1983.

Figure 2. Schematic illustrating sample geometry for the
subsequent deposition and surface analysis.
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recorded as a calibrant, but only one is shown in order
to maintain figure clarity. As seen, the effect of potas-
sium removal is unambiguously expressed for the films
produced with ionization. Absolute quantification of
these data is hindered by the accuracy of Auger

analysisslimited to not better than (10% while relative
concentration differences can be measured well within
(3% accuracy.15 Here, the relative potassium intensi-
ties for the four films above, as derived from peak areas,
are 100:77:63:42.

Figure 3. Auger compositional (left) and corresponding surface image (right, see text) maps of potassium, indium, and antimony
for two adjacent thin films resulting from laser ablation of K4In4Sb6 (see geometry in Figure 2). The film to the left in each
subplot has been deposited without ionization of the ablation plume. Note that the intensity scales are different, corresponding
to the surface concentrations and sensitivity factors for the different elements.
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We attribute the remaining potassium content in the
films deposited with laser ionization to nonoptimization
of our experimental conditions. Most likely, transmis-
sion of potassium from the target to the deposits has
been caused by several factors. (1) There may be
insufficient ionization laser power density throughout
the focal volume, leaving potassium atoms in the gas
phase unexposed and un-ionized. (2) An unoptimized
match can exist between the position and size of the
irradiation volume of the ionization laser with respect
to the ablation plume. The spatial extent of the ablation
plume may be too long in comparison to the focal spread
of the ionizing laser beam. (3) The ablation source in
the ultraviolet region (308 nm) can cause highly ener-
getic ablation plumes and plasma generation. In this
case, positive ions with kinetic energies greater than
the repeller voltage (+1000 V) may be created. Conse-

quently, all positive ions would not be efficiently di-
verted away from the deposits.
In principle, these problems are tractable. With

systematic characterization and further experimenta-
tion, it is expected that an improvement in the degree
of potassium removal can be achieved in a straightfor-
ward manner. The above considerations are relevant
not only to the described depositions from K4In4Sb6 but
also to the proposed ablation/ionization scheme in
general. At present, however, it is not clear whether
conditions exist for full, quantitative removal of the
group I element from the resulting thin films. On the
other hand, it is apparent that control over a neutral
mixture has been exerted macroscopically, and the
prospects for the method as a vehicle for controlling
other systems are encouraging.

IV. Conclusions
The demonstrated significant removal of potassium

from thin films deposited by laser ablation/ionization
of K4In4Sb6 represents clear experimental evidence for
macroscopic selective depletion of a group I element
from a Zintl phase ablation plume. The degree of
removal achieved here is estimated to be ∼60% of the
total amount of potassium, as determined from a film
deposited without ionization. The present study is of
preliminary character, and no special optimization for
potassium removal from the solid phase has been
performed yet. However, the degree of removal can be
considered as evidence of the viability of the proposed
ablation/ionization technique for the macroscopic control
of neutral mixtures.
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Figure 4. Auger spectra for thin films deposited by laser
ablation of K4In4Sb6. The topmost trace is for a film deposited
without ionization (laser ablation only). The bottom three
traces are for films deposited with different delays of the
ionization laser. Note that just one ablation-only trace is shown
for clarity.
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