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Helium ion microscopy is now a demonstrated practical technology that possesses the resolution and
beam currents necessary to perform nanofabrication tasks, such as circuit edit applications. Due to
helium’s electrical properties and sample interaction characteristics relative to gallium, it is likely
that the properties and deposition characteristics of beam induced deposited films will be different
than those produced using gallium focused ion beam technology. However, there is at this date very
little literature discussing the use of helium beams for beam induced chemistry or characterization
of the resulting films. In this article, the authors present initial results regarding the deposition of
platinum using a helium ion microscope and a gaseous organometallic precursor. Within this work
a Carl Zeiss ORION™ helium ion microscope was used along with an OmniGIS unit to deposit
platinum while exploring a variety of controllable parameters such as beam current, beam overlap,

and size of deposition. © 2009 American Vacuum Society. �DOI: 10.1116/1.3237095�
I. INTRODUCTION

Material modification via beam induced deposition and
etching is an important nanofabrication technique. A specific
nanofabrication application of great technical and monetary
importance is that of circuit editing �CE�. Circuit editing is a
powerful technique for rapid debug and modification of in-
tegrated circuits.1 In recent years, the principal tool em-
ployed for circuit edit and device modification has been the
gallium focused ion beam �Ga+ FIB�. Ga+ FIB can be used
for both the deposition and removal of materials. The depo-
sition process normally takes place by introducing gaseous
precursors into the work chamber simultaneously with scan-
ning the beam.2 The interaction of the beam, substrate, and
precursor results in the deposition of a thin film. Both metals
and insulators can be deposited using this method. As device
nodes have become progressively smaller, Ga+ FIB CE tech-
nologies have become increasingly difficult to utilize due to
problems associated with the inherent beam tails of Ga+ FIBs
and the fact that gallium is electrically active in silicon de-
vices. Ga+ FIB poses other challenges as the circuit geom-
etries continue to decrease, such as parasitic sputtering while
imaging.

Helium ion beams are now available in the form of high
resolution microscopes with beam parameters appropriate for
circuit edit applications as well as general purpose
nanofabrication.3 Due to the mass difference between helium
and gallium, along with the different electrical properties of
inert helium and electrically active gallium, it is reasonable
to think that helium ion beams, or beams, based on other
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inert species, may provide a useful alternative to Ga+ FIB for
CE and other nanofabrication applications. In this article, we
present initial results of platinum depositions using a helium
ion beam provided by the ORION™ helium ion microscope
�HIM�.

II. BACKGROUND

Beam induced deposition is a delicate balance of compet-
ing physical and chemical kinetics. A detailed description of
the competing dynamics can be found in the recent review
article by Utke et al.4 Deposition of a material is the result of
the interaction between the incident beam, the substrate, and
the chemical precursor which is allowed to enter the system.
The precursor typically enters the system in close proximity
to the beam through a delivery needle such that the local
pressure is relatively high where the beam impinges on the
substrate, but the overall average pressure within the sample
chamber remains relatively unchanged. Several different in-
teractions are possible. The primary beam may directly inter-
act with precursor molecules on the surface of the substrate,
dissociating them and allowing the constituents to undergo
chemical reactions with the substrate. Alternatively, the ad-
sorbed precursor molecules may be dissociated by the ener-
getic particles produced by the incident beam, such as back-
scattered and secondary electrons, or displaced atoms. The
heat energy created by the incident beam within the target
substrate may also play a role in dissociating the adsorbed
precursor molecules.5 Whatever the mechanism of dissocia-
tion and subsequent material deposition, the rate of reaction
must be greater than the rate of parasitic material removal

due to sputtering by the primary beam of the surface.
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It is well known2,4 that many parameters affect the rate of
material deposition or removal when using precursor gases
to enable the deposition or enhance the etch rate of a mate-
rial. Among the extensive parameters listed are beam pixel
dwell time, beam current, beam species, beam pixel spacing,
precursor pressure, beam energy, and sample bias. Depend-
ing on the application, the desired physical properties of the
deposited film vary. The application of circuit edit is one of
the more demanding applications of beam induced materials
deposition. Critical parameters in this case include electrical
conductivity, resistivity, and deposition rate. Deposition rate
is typically measured in �m3 /nC.

The experimental equipment used for this initial investi-
gation of platinum deposition by a helium ion beam con-
sisted of an ORION™ HIM and an OmniGIS �Ref. 6� gas
injection system �GIS�. �Methylcyclopentadientyl�trimethyl
platinum �C9H16Pt� was used as the gaseous precursor for
the deposition of platinum. After completing several screen-
ing experiments, it was decided to more thoroughly investi-
gate the impact of three parameters upon the deposition rate
and at. % composition within platinum deposits. The factors
investigated were beam current, pixel spacing, and overall
deposit size.

III. EXPERIMENTAL TECHNIQUE AND ANALYSIS

Statistically design of experiments �DOEs� provide a
powerful means for determining the statistical significance of
experimental factors and are ideally suited for investigating
multivariable problems in which interactions are expected to
occur between the experimental factors.7 In this initial ex-
periment, a full factorial statistically designed experiment
was used. The experimental design was a 3 factor, 2 level
full factorial design with a full replicate and center points.
The JMP software package was used for analyzing the result-
ing data. The center point of the experimental parameters
was empirically selected based on several screening experi-
ments conducted in advance. The center point of the experi-
mental parameters was chosen to be

�1� beam current � 3.5 pA,
2

TABLE I. Value assigned to fixed experimental parameters.

Parameter Fixed value

Exposure dose 2 nC /�m2

Beam energy 30 kV
Precursor
temperature

30 °C

Substrate bias 0 V
Substrate Cr on glass mask

blank
Injector angle 30°
Injector height above
substrate

�100 µm
�2� deposit size=625�625 nm , and
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�3� pixel spacing � 2 nm.

All other known variables were held fixed. The values of the
fixed parameters are presented in Table I. All platinum depo-
sitions of the DOE were accomplished during a single work
session. Upon completion of the depositions, the amount of
material was analyzed by imaging each deposit using an
atomic force microscope �AFM�. The computed volume of
deposited material was then divided by the total dose of the
exposure to obtain the deposition rate in �m3 /nC. A sum-
mary table of the DOE is presented in Table II. The at. % of
platinum was determined by using energy dispersive spec-
troscopy. Figure 1 presents a secondary electron image ob-
tained of the deposit array corresponding to the DOE sum-
mary table. Figure 2 presents a typical AFM image of a
single deposit.

Once the deposition rate and at. % for each experimental
run had been determined, the data were statistically analyzed
using the JMP statistical analysis package. A model was fit to
the data, including all interaction terms up to degree 2. The
effect of an experimental factor in a model was tested for
significance by comparing the sum of squared residuals to
the sum of squared residuals of the model with the effect of
the experimental factor removed. Residual errors that are
much smaller when the effect is included in the model con-
firm that the effect is a significant contribution to the fit of
the model. The graphical display of an effect’s significance
test is called a leverage plot. This kind of plot shows for each
point what the residual would be both with and without that
effect in the model. Effect Leverage plots were used to de-
termine the relative importance of the various controlled pa-

TABLE II. DOE summary table presenting the parameter configuration and
results of each experimental run.

Run No.

Pixel
spacing

�nm�

Beam
current
�pA�

Box size
�nm� At. % Pt

Depo
rate

��m3 /nC�

1 2 3.5 625 16.90 0.34
2 1 6 1000 19.50 0.33
3 2 3.5 625 15.60 0.34
4 1 6 1000 19.90 0.28
5 1 6 250 14.60 0.30
6 3 6 1000 15.00 0.25
7 2 3.5 625 13.90 0.31
8 1 1 1000 10.90 0.49
9 1 1 250 11.90 0.54

10 2 3.5 325 14.30 0.25
11 3 6 250 13.86 0.24
12 1 1 250 11.50 0.60
13 3 6 250 13.90 0.26
14 3 1 1000 8.40 0.43
15 1 6 250 15.20 0.30
16 3 1 1000 9.14 0.44
17 3 6 1000 15.30 0.23
18 3 1 250 11.30 0.54
19 3 1 250 11.60 0.45
20 1 1 1000 10.90 0.34
rameters. After determining which experimental parameters
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were statistically significant, a mathematical model was cre-
ated to model the data. The resulting prediction formula in-
clusive of all primary factors and second order cross terms
for the at. % platinum was determined to be

At. % = 13.68 + 0.99�PS �nm� − 2�

+ 2.60�BC �pA� − 3.5

2.5
�

+ 0.32�BS �nm� − 625

375
� − 0.40�PS �nm� − 2�

��BC �pA� − 3.5

2.5
� − 0.67�PS �nm� − 2�

��BS �nm� − 625� + 1.19�BC �pA� − 3.5�

FIG. 1. Secondary electron image of platinum deposits corresponding to the
the image.
375 2.5
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�
BS �nm� − 625

375
� ,

where PS is the pixel spacing, BC is the incident beam cur-
rent, and BS is the deposited box size. Figure 3 shows how
well the derived mathematical model for predicting at. %
platinum fits to the experimental data.

Examination of all leverage plots associated with the
at. % platinum deposition indicated that the box size param-
eter was not a statistically significant factor in determining
the percent platinum within the deposits, when viewed in
isolation. However, the leverage plot for the interaction be-
tween beam current and box size did show statistical signifi-
cance, and thus all factors including interaction terms were
used to construct the analytical predictive model for percent

summary table. The GIS needle is visible in the upper right hand corner of
DOE
platinum concentration in the depositions. The leverage plots
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for beam current, box size, and their interaction are shown in
Fig. 4. Statistical significance is generally accepted as being
real when both the regression line and the 95% confidence
bands for a parameter cross the horizontal mean. This is the
case for the beam current parameter, but not for the box size.

FIG. 2. AFM image

FIG. 3. Graph of measured vs predicted at. % platinum in deposited films. Th
2
results. The relatively high R value indicates that the model explains all observe
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However, when the interaction between box size and beam
current is examined, we see that the combined interaction
term is significant. This is further demonstrated by examin-
ing the accuracy of the prediction model when the interaction
term is eliminated. When the beam current and box size are

e platinum deposit.

dicted value is based on the mathematical model constructed from the DOE
e pre

d variations to a high degree.
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significant.

FIG. 5. Measured vs predicted at. % platinum in deposited films when the inter
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kept as primary factors, but the interaction term is dropped
from the model, the R2 value for the fitting function drops
from 0.89 to 0.76, as shown by Fig. 5.

In a similar fashion to the technique used to derive an
analytical model for at. % concentration of platinum, a
model for describing the deposition rate was created. For the
experimental conditions used, it was found upon examina-
tion of the leverage plots that pixel spacing had no statisti-
cally significant impact upon the deposition rate. Only the
beam current and box size were important. The interaction
between the two was also shown to have some significance.
The resulting analytical predictive model for deposition rate
was determined to be

Depo rate��m3/nC� = 0.363 − 0.11�BC �pA� − 3.5

2.5
�

− 0.03�BS �nm� − 625

375
�

+ 0.026�BC �pA� − 3.5

2.5
�

��BS �nm� − 625

375
� ,

where BC is the incident beam current and BS is the depos-
ited box size. Figure 6 shows how well the derived math-
ematical model for deposition rate matches the observed
deposition rates.

A generally accepted model2 for ion beam induced depo-
sition describes three regimes of beam current density. In the
first regime, the beam current is low such that there is insuf-
ficient beam current to decompose all of the available pre-
FIG. 4. Leverage plots showing best fit along with 95% confidence bands.
�a� Leverage plot for beam current showing strong statistical significance.
�b� Leverage plot for box size. The fact that the confidence bands do not
cross the horizontal mean response indicates a lack of statistical significance
of the box size parameter. �c� Leverage plot for the interaction of box size
and beam current showing that the interaction term is statistically
action between box size and beam current is eliminated from the model.
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cursor adsorbed onto the surface. In this regime the deposi-
tion rate is low. The second regime occurs when the beam
current is sufficient that almost all of the precursor gases are
decomposed during each pixel dwell period of the beam. As
the ion current is further increased, the precursor gas is fully
decomposed at each pixel dwell in a time frame that is short
compared to the pixel dwell time. In this regime the deposi-
tion decreases from a maximum value obtained in regime 2
to zero, beyond which point the sputter rate of the ion beam
dominates the deposition rate. Using Ga+ FIB the accepted
beam current range for regime 2 is 2–6 pA /�m2 when de-
positing platinum.8 This current density refers to the pattern
current density and is defined as the probe current divided by
the pattern area. Within this experimental work, there was
not a strong correlation found between deposition rate and
pattern current density. This may be because the effect is
dominated by primary beam current density and not the pat-
tern current density. It is reasonable to assume that the pri-
mary beam current density plays an important role as well as
the pattern current density. It is noted here that the local
current density is approximately 106 times greater than the
pattern current density. Due to the superior current density
profile of helium ion beams relative to Ga+ FIBs, which is
largely due to superior �E of the helium beam, it is believed
that the local current density of the helium beam is greater
than that of a typical Ga+ FIB. The high local current density
of the HIM may cause the boundaries between the three
deposition regimes to differ significantly from the values
typically seen with Ga+ FIB. Although a statistically signifi-
cant correlation between pattern current density and deposi-
tion rate was not observed, a correlation between primary
beam current and deposition rate was observed, as shown in

FIG. 6. Measured vs predic
Fig. 7. The fact that the deposition rate decreases with in-
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creasing beam current indicates that the depositions likely
suffer from depletion of the gaseous precursor during the
process.

IV. DISCUSSION

Using the derived analytical model above for at. % of
platinum, the appropriate parameters needed to optimize the
percent platinum concentration were determined. The appro-
priate parameter values were determined to be a pixel space
of 1 nm, box size of 1500 nm, and beam current of 15 pA.
Several additional deposits were made using the new param-
eters but the best obtained value remained nearly 20%,
whereas a value of �40% was expected based on the model.
The discrepancy is believed to be due to the effect of an
unidentified critical parameter that had not been controlled.
The additional deposits were created on a different day and
with a different tool operator. It is known that the new depo-
sitions were created with a beam energy of 20 kV instead of
the 30 kV used in the original DOE. Differences in the beam
interaction at the two different energies, such as differences
in secondary electron yield, or heat generation may explain
the discrepancy. It has been reported that for the case of
electron beam deposition of platinum the deposition rate is a
function of primary beam energy, and the dependence of
secondary electron yield as a function of primary beam en-
ergy is believed to be responsible.9 An alternative explana-
tion is that the local precursor pressure may have been dif-
ferent on the different days. As described earlier, the initial
deposits appear to have been created in a “gas depleted”
regime of the parameter space, and hence any changes from
day to day of the local pressure would likely have a strong

eposition rate of platinum.
influence upon the observed deposition rate. Despite the dis-
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crepancy between the predicted and the measured results of
the additional platinum deposits, it is believed based on the
goodness and linearity of fit between the model and the ex-
perimental data obtained from the DOE that obtainable per-
centages of platinum can be easily increased if all parameters
are controlled. Further investigation is required.

Comparison of the at. % platinum contained in the initial
depositions using a helium ion beam with the values in lit-

FIG. 7. Measured deposition rate vs sample current. The decreasing depositi
regime.
FIG. 8. Experimental platinum concentrat
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erature for electron beam and Ga+ FIB deposited films sug-
gests that the initial experimental film quality obtained in the
DOE is similar to that obtained with e-beam. Electron beam
induced platinum depositions are reported to have 15–25
at. % of platinum.9,10 Platinum depositions created by Ga+

FIB processes typically provide higher concentrations of
platinum. The reported at. % concentrations range from 25 to
45.11,12 The values of the observed deposition rate of plati-

te with increasing sample current is indicative of running in a gas depletion
on ra
ion vs the observed deposition rate.
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num are similar to that reported in literature for Ga+ FIB
depositions. Reported platinum deposition rates for Ga+ FIB
are �0.2–0.5 �m3 /nC.8 This yield is quite favorable when
contrasted with the relatively low deposition rate of
�0.01 �m3 /nC for electron beam induced platinum
deposits.9 The relationship between the observed deposition
rate and at. % platinum is illustrated in Fig. 8. The data con-
tain considerable scatter, but generally indicate an inverse
relationship between the two parameters. The at. % of plati-
num decreases as the deposition rate increases. This is con-
sistent with reported results11 for Ga+ FIB depositions of
platinum in which the measured resistivity of the deposits
increased as the deposition yield increased.

In addition to depositing metals, any practical CE tool
must be capable of also etching materials. At this date only
preliminary experiments regarding etching using XeF2 have
been performed, and more work is needed to quantify results.
However, since physical sputtering is often a key component
of any beam induced etching process, it is reasonable to ex-
pect that the results obtained from a helium based CE tool
with regard to material removal will be somewhere between
those obtained with e-beam and Ga+ FIB tools due to the
mass of the helium ion. Helium may prove advantageous,
however, because it provides not only a sputtering compo-
nent not available with electrons but also an ability to obtain
very high resolution images at low ion flux that can be used
for the purposes of nondestructive endpoint detection in the
absence of gases, unlike Ga+ which continues to physically
mill the sample.

V. CONCLUSIONS

The effects of beam current, box size, and pixel spacing
on helium induced platinum depositions were studied by us-
ing a full factorial design experiment. Over the range of pa-
rameters studied in the DOE, it was found that platinum
deposits could be obtained with at. % compositions ranging
from approximately 8 to 20. These values are consistent with
that obtained from electron beam induced depositions. A pre-
diction model was created based on the results of the DOE.
Based on the prediction model, it was expected that 40% Pt
JVST B - Microelectronics and Nanometer Structures
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would be achievable by adjustment of the three controlled
parameters, but this was not achieved. The reason for this is
not known and is currently under investigation. However, at
this point in time only a small fraction of the complete pa-
rameter space that affects the concentration of platinum has
been explored. Traditional variables, such as dwell time have
not been explored, and there is significant optimization work
to be completed. The DOE also indicated that interactions
between the controlled variables are important. The observed
deposition rates for the platinum films varied between 0.23
and 0.60 �m3 /nC, consistent with the results obtained for
Ga+ FIB depositions. The data indicate that the deposits were
done in a gas depletion regime of the process parameter
space. These early results are encouraging. Given the rela-
tively short amount of time that has been available for study-
ing the properties of HIM induced depositions, and the very
large parameter space to be explored, along with the fact that
the early results are comparable to those reported in literature
for Ga+ FIB, it seems reasonable that continued optimization
of deposition processes can lead to film quality that is supe-
rior to that provided by Ga+ FIB.
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