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Simulation of focused ion beam milling of multilayer substrates
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The level set method was generalized for simulating the evolution of the surface of multilayer substrates under
focused ion beam irradiation. For a correct description of such process the calculations took into account the
sputtering yield angular dependences, the densities of the irradiated materials and it was considered that sputtered
atoms can escape from different layers of the substrate. Comparison of the calculation results with experimental
data for test structures formed in a two-layer silicon dioxide—crystalline silicon substrate showed that the developed
simulation method makes it possible to predict the shape of structures fabricated by a focused ion beam with good

accuracy.
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The focused ion beam (FIB) technique is currently
used widely in various fields of science and technology
(microelectronics included), since it provides an opportunity
for direct precision fabrication and analysis of micro- and
nanostructures on substrates made of almost any material,
and specifically those consisting of several layers. FIB
sputtering (etching) of multilayer structures is needed to
solve a number of problems. Specifically, metal and
dielectric layers may be used as solid masks that ensure high
resolution and operation rate in the process of nanostructure
formation with an FIB [1]. The modification of integrated
microcircuits [2] and waveguides of semiconductor lasers [3]
are practically relevant examples of the effect of an FIB on
multilayer structures.

Computer modeling, which provides a quantitative de-
scription of the sample surface evolution under the influence
of an ion beam, simplifies considerably the process of
structure fabrication with an FIB, allowing one to mini-
mize the application of resource-consuming trial-and-error
techniques. The effect of an FIB on silicon [4,5] and
silicon oxide [6] substrates was considered in the existing
approaches to modeling of the shape of structures, including
those utilizing the level set method. The results for
multilayer structures are limited by analytical estimation of
the depth of sputtering of a two-layer target [7] and Monte
Carlo modeling of ion penetration combined with cell-based
calculations of the sample surface evolution [8].

The aim of the present study is to further the application
of the level set method in characterization of surface
evolution of multilayer substrates under the influence of an
FIB. The results of modeling of two types of test cavities
formed in a silicon dioxide layer on the surface of crystalline
silicon are compared with electron microscope images of
cross sections of structures prepared in experiments.

If a substrate is subjected to FIB sputtering, distance z of
the sample surface at point (X, y) from plane XQy at time t
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may be written as z = S(x, y, t) (Fig. 1). Surface S(X, y, t)
is defined within the level set method as the zero level of
function ®(X, Yy, z,t) that satisfies the following differential
equation [9]:

od(r, 1)
ot (1)

where r = (X, y, z) and Vy(r, t) is the rate of displacement
of sample surface elements under the influence of an ion
beam in the direction normal to them. This rate is set
by the flux densities of atoms sputtered by an ion beam
(Fsp(r, t)) and sputtered atoms redeposited onto the sample
surface (F (r, t)).

Generalizing the known expression for Fsp(r,t) [4] to
the case of multilayer substrates and limiting ourselves (for

+ Wn(r, t)|VO(r, t)| =0,

Figure 1. Schematic diagram of the process of sputtering of a
substrate consisting of a silicon dioxide layer on the surface of
crystalline silicon (c-Si). n and n; are unit vectors normal to
surface elements dS and dS,, respectively.



78

A.V. Rumyantsev, N.I. Borgardt, R.L. Volkov

simplicity) to two-layer structures, we find the following
expression for the flux density of atoms sputtered from
surface element dS; with its center at point r;:

Fop(ri.t) = Y Fepi(ri,t), (2)

i=1,2

where Fgpi(ry, t) is the flux density of sputtered atoms of
the ith material that is written as

Fspi (r1,t) = Fion(r1) cos 0Ci (ri, )Y (0)(1 + wi),  (3)

where Fon(ry) is the flux density of gallium ions;
Ui = Yi(0)/Yi(0) — 1] is a parameter that characterizes
the difference between the rates of sputtering of the ith
material in its redeposited and initial states and is defined by
sputtering yields Y;i(0) and Y;(0), respectively; C;(ry,t) is
the fraction of the ith material in sputtered volume dV;
in the vicinity of point r;; and angle 0 is determined in
accordance with Fig. 1.

The flux density of atoms redeposited onto surface
element dS located at point r (Fig. 1) may be written as

F(r,t) = _Z Fri(r, t), (4)

i=1,2

where Fi(r,t) is the flux density of redeposited atoms of
the ith material. If their angular distribution follows the
cosine law, this flux density is determined by generalizing
the expression from [4]

1 Fsp,i(ry, t
Foi(rt) = ;/ sp, (l‘ér z(;(:;zacoSﬂdsl (5)

with angles o and B determined in accordance with Fig. 1
and integrating over the entire region of beam-sample
interaction.

Displacement rate V(r, t) of surface element dS under
the influence of an ion beam may be written as

Wn(r, t) = Z Fsp,i(r, t) — yF.i(r, t) ’ ©)

) N
i=1,2

where p is the ,sticking” coefficient that is the ratio of the
number of atoms settling onto surface element dS to the
overall number of sputtered atoms reaching this surface (in
accordance with [4], this coefficient was set to unity) and
n; is the density of atoms of the ith material.

Flux density Fion(X, y) of beam ions was represented in a
well-accepted form of a sum of two Gaussian functions

| 1 x% +y?
Py mummwnrdl L2 ) et
e2n(of + woy) 20

x? +y?
+wexp| — 752
2

with parameters o7 = 53nm, 0, = 136 nm, and w = 0.08,
which were determined using the approach detailed in [10].

Fon(X,y) =

Equation (1) was solved numerically on the primary reg-
ular rectangular computational mesh to determine ®(r,1t).
Function S(X, y, t) was determined based on ®(r, t) at each
time step using the marching cubes method and an irregular
mesh of triangular elements [11]. Ton fluxes and displace-
ment rates Vy(r, t) were calculated on surface S(x, y, t) and
were transferred via nearest-neighbor interpolation to the
primary grid, where discretization of functions C; (r, t) was
also performed, in order to solve (1).

Functions Ci(r,t) at t =0 were specified by the two-
layer structure of the substrate irradiated by an ion beam.
If condition F > Fsp was satisfied in the vicinity of point r
for sputtered surface element AS, the total number of rede-
posited atoms in a cell corresponding to r with volume AV
varied by AN = (F — Fsp)ASAt, while the number of atoms
of the ith material varied by AN; = (Fj — Fsp)ASAt. To
simplify the calculations, fluxes Fspj were determined using
formula (3) without account for parameters y; if the fraction
of redeposited material in a cell was below 50%; when this
fraction exceeded 50%, the parameter values were taken
into account.

This method of modeling was implemented within a set
of programs developed earlier [5]. The obtained results
of numerical calculations were compared to experimental
data for test structures formed with a Helios Nanolab
650 electron/ion microscope on single-crystal silicon sub-
strates coated with a layer of thermal silicon dioxide
with a thickness of approximately 600nm. Structures
were fabricated at an accelerating voltage of 30kV and
a beam current of | =900pA with equal beam steps
a =b =38.5nm in perpendicular directions. Rectangular
cavities 1 x lum in size formed in N = 48 beam passes
with exposure time ty = 0.1ms were the first type of
structures. ~ Structures of the second type were narrow
grooves with a high aspect ratio. They were formed by
moving an ion beam along straight lines with a length of
approximately 3 um in N = 200 passes with exposure time
tqg = 0.2ms. This choice of N and ty values in the fabrication
of structures of both types provided an opportunity to
illustrate the relevance of the proposed modeling method to
typical experimental applications. Cross-section samples for
scanning transmission electron microscopy (STEM) studies
with a Titan Themis 200 microscope were prepared by
the in situ lift out method [12] immediately after the
fabrication of test structures. Structures were modeled
in accordance with the experimental conditions of their
fabrication. The data from [6] (for SiO,) and [14] (for
Si) were used for the angular dependences of sputtering
yields, the correctness of characterization of which affects
the accuracy of modeling [13]; the values of parameters
ui were calculated in reliance on ratios Y, ;/Y; ~ 1.15 for
SiO; [6] and Y; /Y, = 1.3 for Si [5].

Figures 2,a,b present SEM (scanning electron mi-
croscopy) images of cavities, and the results of their
modeling are shown in the insets. It follows from Figs. 2, ¢, d
that the calculated profiles of cavities (white dashed curves)
agree well with the STEM images of their cross sections.
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Figure 2. SEM (q, b) and STEM (c, d) images of rectangular cavities (a, ¢) and narrow grooves (b, d) formed by an FIB. The results
of modeling of these cavities are shown in the insets in panels a and b. Profiles calculated both with (white dashed curves) and without
(open circles) account for correct values of parameters u; and u, for SiO, and Si, respectively, are superimposed onto the STEM images
of cavities in panels ¢ and d. Cavities are coated with protective layers of platinum and amorphous carbon Pt + a-C; implanted gallium
and amorphized silicon (a-Si) are visualized in their near-surface regions.

Slight discrepancies between the experimental and calcu-
lated data for rectangular cavities (Fig. 2,c¢) are apparently
attributable to the reflection of incident ions from their
side walls, which was neglected in modeling. The cross
section of a narrow groove is V-shaped (Fig. 2,d), since
the process of material redeposition plays a significant part
in the formation of structures with a high aspect ratio.
Open circles in Figs. 2,c,d denote the profiles obtained in
modeling of cavities with no regard for an increase in the
rate of sputtering of redeposited material. This omission
is negligible in the case of a rectangular cavity (Fig. 2,¢),
since the amount of redeposited material is small; however,
a closer agreement between the calculated and experimental
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data for deep grooves (Fig. 2,d) is obtained when the
mentioned increase in sputtering rate is taken into account.

Thus, the presented generalization of the level set method
to the case of multilayer structures provided for efficient
modeling of sputtering of a silicon substrate coated with
a silicon dioxide layer by a focused ion beam. The
introduction of angular dependences of sputtering yields
for each of the substrate materials and the difference in
their densities into calculations and a realistic description
of the redeposition process made it possible to achieve a
quantitative agreement between calculated and experimental
data. Note that the discussed method may be used directly
to model the process of sputtering of substrates with more
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than two layers if data characterizing the interaction of an
ion beam with the material of these layers are available.
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