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Abstract

In the present work the proximity effects during the electron-beam lithography of YBa,Cu;0, high temperature
superconducting thin films deposited on two typical substrates (SrTiO; and MgO) were studied at various beam voltages
(25, 50, and 75 kV) by means of the Monte Carlo simulation. The radial distributions of the absorbed electron energy
density obtained for all possible sets of initial conditions were approximated by an analytical function (namely a
combination of a double Gaussian and an exponential function) and the parameters of this function were calculated. The
distributions obtained in the present work as well as the calculated parameters of the so-called ‘‘ proximity function’’ can be
used in a proper proximity effect correction algorithm as well as in a profile development model.

1. Introduction

The reproducible fabrication of high temperature
superconductor (HTS) electronic devices such as
flux-flow transistors, sensors, superconducting quan-
tum interference devices (SQUIDs), integrated cir-
cuits, microwave devices, etc. requires versatile
lithographic and patterning processes allowing cre-
ation of submicron and even nanometer structures
and not degrading the superconducting characteris-
tics of the HTS thin films.

Several different technologies have been reported
for the fabrication of submicron and nanometer pat-
terns from HTS (mainly YBa,Cu;0,) thin films,
e.g. wet chemical etching [1-5], ion-beam and fo-
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cused-ion-beam etching [6—10], reactive ion-beam
etching [6,8,11], inhibit patterning [12—14], laser ab-
lation [15-17] and ion implantation [6,18,19].

Most of these techniques are combined with elec-
tron-beam lithography (EBL), and moreover, until
now best results are obtained by EBL in conjunction
with wet chemical etching [4] as well as with ion-
beam etching [7,10].

The high resolution of EBL however may be
degraded by the lateral scattering of incident elec-
trons which causes undesired exposure of unintended
regions of the resist. This phenomenon is commonly
referred to as ‘“proximity effect’’ [21]. Electrons that
are scattered during their first passage through the
resist are called ‘‘forward scattered’’, while those
which expose the resist after reaching the substrate
are called ‘‘backscattered’’.

In the case of patterning the thin films of the most
widely used HTS material, namely YB,C,0,, de-
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posited on SrTiO;, MgO, ZrO,:Y,0,;, LaAl0,,
NdGaO,, etc. substrates an enhanced proximity ef-
fect has to be taken into account because of their
relatively high effective atomic numbers [9,20].

The proximity effect can be reduced technologi-
cally by using, if possible, thin resist films and
membrane substrates, multilayer resist systems, or
high accelerating voltage (U, > 50 kV). Another
more widely used approach is to apply a proper
proximity correction algorithm which adjusts the ex-
posure dose and/or the shape and size of the ex-
posed pattern. For realization of this approach and
successful application of EBL a thorough under-
standing of electron scattering in solids as well as
precise data for spatial distribution of the absorbed
electron energy density in the resist are needed. This
distribution describes quantitatively the proximity
effect and is commonly approximated by an analyti-
cal function such as a double Gaussian [21-24]

f(r) =k[exp(—r’/a?)/a’
+n exp(—r’/B%)/B8%]/[m(1+m)],
(1)
triple Gaussian [25,26]
f(r) =klexp(—r?/a?)/a?
+mn exp(—r’/B?)/B*
+7exp(—r2/p?) /o] /[m(1 + n+ 1),
(2)
sixfold Gaussian [27]
f(r)= ZAi exp(—r’/B7), i=1,6, (3)

and a combination of single or double Gaussians and
exponential functions [28,29]

f(r)y= k[exp(—rz/ozz)/a2
+nexp(—r’/B*)/B*
+vexp(—r/v)/(2v?)]

/w1 +n+v)], (4)

called “‘proximity function”’.

The parameters «, 8, p, ¥, M, 7, v, and k of the
proximity function can be evaluated both experimen-
tally and theoretically. Experimental methods in-

clude: (i) measurements of exposed and developed
finite shapes (e.g. rectangular cells, doughnut struc-
tures, etc.) [23,30-32]; (ii) measurements of single
pass lines [24,26,]; (iii) measurements of point expo-
sure distribution [28,33,34]. Theoretical methods in-
clude analytical [35-37] and computational (Monte
Carlo simulation) models [29,34,38—41). In spite of
this large variety of methods for evaluation of the
electron exposure distributions, Monte Carlo simula-
tion (MCS) is the most widely used technique due to
its advantages over other (especially experimental)
methods [42].

The aim of the present work is to study the
proximity effects at various beam voltages on typical
targets incorporating YBa,Cu,0, HTS thin films by
means of Monte Carlo simulation.

2. Theory

In this work a conventional Monte Carlo simula-
tion based on both a single scattering model and a
continuous slowing down approximation was used,
assuming the screened Rutherford elastic scattering
cross section and the Bethe energy loss equation. In
order to prevent the failure of the latter one at low
electron energies the parabolic extrapolation of the
average energy loss rate (dE/dx)”! derived by
Rao-Sahib and Wittry was introduced below a cer-
tain value of electron energy. In this way the incident
electrons can be pursued until their energy decreases
to 50 eV instead of the value of 500 eV which is
commonly used as a cut-off energy.

Another peculiarity of the energy loss calculation
is that instead of the conventional two-point differ-
ence scheme we involved the three-point difference
scheme as proposed by Valiev et al. [44]. The appli-
cation of the three-point difference scheme increases
the accuracy of the energy loss calculation, espe-
cially at low beam energies as well as for heavy
targets [45].

A procedure for recalculation of the free path
length and of the energy loss of incident electrons at
the inter-faces between different layers of the target
was included in order to account for the differences
in both the scattering and the stopping properties of
their materials [43]. Such a procedure is particularly
important in the case of targets incorporating
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YBa,Cu;0, HTS thin films because of the rela-
tively high differences in the values of effective
atomic numbers and mass densities of target layers.

As usually in MCS of scattering of fast electrons
in solids [29,34,38—41], we assume that the target
layers are homogeneous in chemical composition
and amorphous in structure. This assumption proved
to yield good results especially for the calculation of
energy loss distributions with regard to EBL. The
presence of oxygen vacancies and precipitates in real
HTS films may be taken into account in such a
model by changing the stoichiometry and hence the
concentration of the different atoms composing the
film as well as its effective atomic number Z ; and
mass density p. Thus the influence of these defects
onto the final results of the simulation depends on
their amount. As to our knowledge in high quality
films suitable for device fabrication this amount is
not as great as to cause considerable changes of
electron scattering.

For more details about the present Monte Carlo
simulation model see, for instance, Refs. [20,29].

Radial distributions of the absorbed electron en-
ergy density in the resist obtained numerically for a
zero-width 6-function were approximated by a com-
bination of double Gaussian and exponential func-
tions (Eq. (4)). The values of the parameters «, B,
v, 1, v, and k were calculated using an original
Monte Carlo technique [46], instead of the com-
monly used non-linear least-squares method. This
technique comprises the mean square deviation mini-
mization by the interval length decrement for each of
the parameters chosen. The minimization is made in
an iteration loop.

The main advantages of the Monte Carlo tech-
nique described above are: (i) in contrast to some of
the least-squares methods, it does not allow the
possibility of an infinite loop in the case of a local
minimum; (i) it enables approximation of an arbi-
trary kind of distribution of numerical data with a
corresponding analytical function.

3. Results and discussion

The present calculations were performed on an
IBM 4381 machine. The radial distributions of the
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Fig. 1. Comparison between the exposure distributions obtained
by MCS for the structure 125 nm PMMA resist film /300 nm
YBa,Cu;0, HTS film /MgO substrate at three beam energies —
25, 50, and 75 keV and the corresponding analytical fits.

absorbed energy density were obtained for a zero-
width é-function with 30 000 electron trajectories for
each simulation.

For the generation of random numbers the IBM
uniform random number generator RNDM2 of the
CERN Computer Centre Program Library was used.
It is a combined multiplicative congruential genera-
tor and a shift register generator with a period of
about 5 X 10'® numbers.

The variables studied in the present work are the
substrate material (SrTiO; and MgO), the initial
energy of accelerated electrons E, (25, 50 and 75
keV) and the HTS film thickness d (100 and 300
nm).

In Fig. 1 a comparison is made between the radial
distributions of the absorbed energy density obtained
by MCS for the structure 125 nm PMMA resist
film /300 nm YBa,Cu;0, HTS film/MgO sub-
strate at three beam energies, 25, 50, and 75 keV,
and the corresponding analytical fits. It is well seen
that the combination of double Gaussian and expo-
nential functions is a good approximation of these
distributions. Although not shown here, the double
Gaussian as well as the triple Gaussian were also
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tested but they were found to be not adequate,
especially in the intermediate regions.

Figs. 2(a), 2(b), and 2(c) show the analytical fits
to the radial distributions of absorbed energy density
obtained by MCS for the structures 125 nm PMMA
resist film /0, 100, or 300 nm YBa,Cu,0, HTS
films / StTiO; or MgO substrates at 25, 50, and 75
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keV, respectively. Since the aim of the present work
is to investigate the proximity effects caused by the
YBCO film as well as by the substrate (SrTiO; or
MgO) the backscattered exposure is of primary im-
portance. For this reason here, in contrast to the Fig.
1, a linear scale for the x axis is applied which,
although it compresses data points close to the beam
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Fig. 2. Analytical fits of the exposure distributions in a 125 nm PMMA resist film on SrTiO; and MgO substrates as well as on 100 and 300
nm HTS layers of YBa,Cu,0, deposited on the substrates: (a) E; = 25 keV; (b) E, = 50 keV; (c) E, =75 keV.
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Table 1

List of the calculated values of the proximity function parameters for the SITiO4 substrate

E, d « B Y /] v k

(keV) (nm) (nm) ( wm) (um)

25 0 1331 0.9398 0.4273 0.4834 0.1006 160033
100 13.99 0.9322 0.4106 0.5689 0.2318 139967
300 13.54 0.8562 0.3886 0.2470 0.3170 162456

50 0 12.25 3.5033 0.4022 0.9567 0.0321 50168
100 12.78 3.4014 0.2573 0.9772 0.0373 41818
300 13.20 3.2373 0.3880 0.8699 0.0628 48981

75 0 12.00 7.1568 0.7253 1.1561 0.0303 26995
100 12.60 6.9217 0.4075 1.1725 0.0305 25034
300 12.12 6.9110 0.4415 1.1070 0.0306 25935

axis (associated with the forward scattered electrons),
it ensures a better distinction between the distribu-
tions in their intermediate and distant regions (asso-
ciated with backscattered electrons).

In Tables 1 and 2 the calculated values of the
proximity function parameters for SrTiO; and MgO
substrates, respectively, are listed.

At the beginning of the discussion we would like
to point out that when the exposure distributions are
approximated by the combination of double Gauss-
ian and exponential functions or by other complex
analytical functions the division of scattering into
forward and backward is not as definite as in the
simplest cases of double Gaussian or the combina-
tion of single Gaussian and exponential functions.
Nevertheless, we will use these terms for conve-
nience.

The peaks of the distributions of the absorbed
energy density are commonly attributed to the for-
ward scattering of electrons or, in other words, to the
single scattering of primary electrons into small an-

gles in the resist. This scattering depends on the
beam energy as well as on the material and thickness
of the resist. In Figs. 1 and 2 it is seen that the
maximum values as well as the widths of the peaks
decrease with increasing beam energy. This can be
explained by both the more efficient scattering of
primary electrons and the higher energy loss in the
resist at lower energies.

The parameter o of the proximity function is the
width of the first Gaussian term in this function. It
can be interpreted as a measure of the range of
forward scattering of electrons. In Tables 1 and 2 it
is seen that this parameter. decreases with increasing
beam energy. Its higher values for the substrate of
lower effective atomic number Z, and mass density
p (i.e. MgO) are probably due to the wider spread of
the distributions for this substrate, which influences
the total results of the approximation.

We would like to note that the values of the
parameter o listed here are calculated for a zero-
width &-function and are much smaller than the

Table 2

List of the caiculated values of the proximity function parameters for the MgQO substrate

E, d 1% B b% n v k

(keV) (nm) (nm) (pm) (pm)

25 0 14.94 1.5649 0.3752 0.6926 0.0375 77244
100 14.68 1.5113 0.2507 0.7980 0.1145 71486
300 14.34 1.3528 0.3361 0.2644 0.2846 100820

50 0 12.98 6.9148 0.6980 1.0452 0.0221 25322
100 13.40 6.7714 0.3157 1.1111 0.0379 20258
300 13.20 6.6257 0.5699 0.7644 0.0939 25801

75 0 12.93 15.6316 0.7284 1.1201 0.0213 15213
100 13.23 13.8983 0.6301 1.1479 0.0227 12687
300 12.15 13.6265 0.6405 0.9890 0.0686 12632
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beam size in most lithography machines. Therefore,
the distributions given in Tables 1 and 2 should be
convolved with the beam distribution of the concrete
machine in order to obtain the actual distributions.

The parameter 3 is the width of the second
Gaussian term in the proximity function. It is consid-
ered as an estimate of the range of electrons
backscattered from the substrate to the resist as the
result mainly of multiple scattering into small angles
and, hence, of the range of the proximity effect. This
parameter increases, as expected, with increasing
beam energy as well as with decreasing the effective
atomic number Z, and mass density p of the sub-
strate material from SrTiO; to MgO. It is as lower as
thicker is the HTS film. The latter can be explained
as follows. The exposure of the resist in regions far
from the point of incidence of the beam is caused by
the electrons that have already undergone multiple
scattering into small angles and have lost the main
part of their energy in the substrate. A significant
number of these electrons is absorbed in the HTS
film and the number is as greater as thicker is the
film. The features of the backscattered distributions
discussed here can be seen in Figs. 1 and 2 as well.

The parameter 7 is the ratio of the exposure
caused by the backscattered electrons associated with
the second Gaussian term to that caused by the
forward scattered electrons. It increases with increas-
ing beam energy. The possible explanation of this
fact is that although the levels of the backscattered
distributions decrease as the beam energy increases,
their widths increase significantly (see Fig. 1) so that
the total exposure caused by the backscattered elec-
trons increases too. It has to be added here that, as
mentioned above, the maximum values of the for-
ward scattering peaks are lower at higher accelerat-
ing voltages and this is another reason for the in-
crease of 7).

The values of the parameter n for the SrTiO,
substrate are lower than those for the MgO substrate
at 25 and 50 keV and this can be explained in the
same way as for the variation of n with the beam
energy. At 75 keV, however, the situation changes —
the values of 1 for MgO substrate are slightly lower
than those for the SrTiO; substrate. This fact shows
that the widening of backscattered distributions for
the MgO substrate at 75 keV are not sufficient to
compensate for lowering of their levels so that the

total backscattered exposure for the SrTiO, substrate
becomes greater (see Fig. 2(c)).

The variation of i with the HTS film thickness is
more complicated. The values of the parameter for
all cases with d = 100 nm are higher than those with
pure substrate (d =0 nm). The possible reason for
this fact is the additional contribution to the second
Gaussian term of the electrons backscattered from
the HTS film to the resist. For d =300 nm the
absorption in superconducting film of the electrons
backscattered from the substrate dominates over the
contribution of electrons backscattered from the HTS
film so that the values of n are lower even than
those for the pure substrate. It is worth pointing out
that the variation of n with the HTS film thickness
is more pronounced for the MgO substrate which
means that the influence of this film upon the
backscattered exposure of the resist is stronger for
substrates of lower effective atomic number Z,
and/or mass density p (see also Fig. 2).

It is necessary to note here that the higher values
of the parameter 77 do not automatically mean a
stronger proximity effect. As it was mentioned above,
the total backscattered exposures at higher beam
energies as well as for a lighter substrate (MgQO) are
higher but they are spreaded over wider areas. In the
regions close to the incident point they are much
lower and thus cause an almost uniform exposure
background which could easily be compensated for
using one uniform correction factor for all patterns to
be exposed. Hence, the proximity effect at lower
voltages as well as for heavy substrates is stronger,
especially in dense patterns, and is more difficult to
be compensated for.

Two kinds of electrons are considered to con-
tribute to the exponential term of the proximity
function which corresponds to the intermediate re-
gions of exposure distributions. These are (i) the
electrons backscattered from the HTS film to the
resist layer and (ii) the electrons backscattered from
the substrate to the resist mainly as the result of a
single scattering into large angles. Both these kinds
of electrons have lost a small part of their energy
before reaching the resist layer again and a signifi-
cant number of them leave the target as backscat-
tered particles. Thus the mentioned electrons expose
the resist only in areas close to the incident point of
the beam.
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The exponential term is described by the parame-
ters v and v. The former one is the width of the
term and is interpreted as a measure of the range of
electrons contributing to the term. The latter one is
the ratio of the exposure caused by these electrons to
the forward scattered exposure.

In Tables 1 and 2 it is seen that the values of the
parameter 7y increase, as a whole, with increasing
beam energy whereas the values of the parameter »
decrease. This is easy to understand — the electrons
contributing to the exponential term are spreaded
over longer lateral distances but their number is
lower at higher accelerating voltages.

The values of y for the MgO substrate are greater
than those for the SiTiO,; substrate which can be
explained by the fact that a greater number of elec-
trons are backscattered from the lighter substrate at
lower angles (slightly greater than 90°) and they are
spreaded over longer lateral distances. The values of
v for the SrTiO, substrate are greater than those for
the MgO substrate for the pure substrate case (d = 0
nm) as well as for d = 100 nm, whereas for d = 300
nm they are smaller. This indicates the fact that the
influence of the heavier substrate upon the exposure
in the intermediate regions of the distributions is
greater at lower HTS film thicknesses.

The values of the parameter v increase signifi-
cantly with increasing thickness of the HTS film.
This fact shows that the electrons backscattered from
the superconducting thin film are dominating con-
tributors to the exponential term of the proximity
function, especially for the lighter substrate as well
as at lower beam energies. Besides, in Figs. 2(a),
2(b), and 2(c) it is well seen that the levels of the
exposure distributions in intermediate regions are
considerably higher for d = 300 nm even at 75 keV.

The variation of vy with the HTS film thickness is
more complicated. The values of this parameter are
greatest for the pure substrates and smallest for
d = 100 nm. The possible explanation of this behav-
ior is as follows. In the case of the pure substrates
the exposure in intermediate regions is determined
only by the electrons backscattered from the sub-
strate and they may come out from significant depths
within the substrate and be spreaded over longer
lateral ranges. Thus they cause low level wide
spreaded exposure (see (Figs. 2(a), 2(b), and 2(c)).
When a superconducting film of thickness 100 nm is

incorporated into the target it absorbs low energy
wide spreaded electrons backscattered from the sub-
strate. The number of electrons backscattered from
the film itself is still not great and they are localized
near the incident point because of its relatively low
thickness. In the case of d =300 nm the absorption
of electrons coming from the substrate is more effi-
cient but the backscattering within the HTS film is
more efficient too. In this way a greater number of
electrons are coming from the film to the resist and,
besides, they are wider spreaded due to the greater
thickness of the film and cause a high level exposure
wider than in the case of d=100 nm but still
narrower than in the case of pure substrates.

The parameter k& of the proximity function is a
normalization parameter. Its value decreases together
with the levels of the exposure distributions as the
beam energy increases as well as the effective atomic
number Z,; and the mass density p of the substrate
material decrease.

4. Conclusions

In this work the radial distributions of the ab-
sorbed electron energy density in a PMMA electron
resist deposited on targets containing an YBa,Cu,0,
HTS thin film were obtained by means of the Monte
Carlo simulation for a zero-width 8-function and the
following variables (i) the substrate material (SrTiO,
and MgO), (ii) the electron beam energy E, (25, 50
and 75 keV), and (iii) the HTS film thickness d (0,
100, and 300 nm). These distributions stored as areas
of numerical data were approximated by an analyti-
cal function, namely the combination of double
Gaussian and exponential functions, which proved to
be a good approximation to them. The values of the
parameters of the analytical function were calculated
using an original Monte Carlo technique, instead of
the commonly used non-linear least-squares method,
and their dependence on all investigated variables
was discussed.

The results show that the additional backscatter-
ing of primary electrons and, hence, the proximity
effect, caused by the HTS film in the regions close to
the incident point of the electron beam are not
completely eliminated even at energies as high as 75
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keV, especially for the film thickness 300 nm as well
as for the lighter substrate (MgO).

The HTS thin film reduces the backscattering
from the underlying substrate and this reduction is as
greater as thicker is the film as well as lower is the
beam energy.

The distributions obtained in this work as well as
the parameters of the proximity function can be
employed in a proper proximity effect correction
algorithm as well as in a resist development model.
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