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Abstract—A model is presented and the interaction of accelerated electrons with atoms in a thin film “shoot-
ing through” a Be target is theoretically described. The algorithm is based on the Monte Carlo simulation of
the electron motion in the target accompanied by energy losses in elastic and inelastic interactions. The con-
version of the electron energy to the radiation energy in the 11.4-nm K|, line of Be and the emission spectrum

are calculated. The maximum conversion efficiency to the solid angle 4n CE = 3.0 X 10~* s achieved for the
electron energy £, = 2.0 keV and a 40 nm thick freely suspended beryllium film. 200 nm and 400 nm thick
films were experimentally investigated. The maximum conversion efficiency to the solid angle 4m for a
200 nm thick film and the electron energy E, = 2.75 keV was CE,, = 9.2 X 1073, whereas the calculated value

was CE_,. = 2.5 X 10~*. The observed discrepancy between the theory and experiment is explained in the

paper.
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1. INTRODUCTION

In [1], a new scheme of a projection lithograph for
extremal UV (EUYV) radiation and soft X-rays is pro-
posed, which significantly simplifies and reduces the
cost of the lithographic process and the lithograph
itself. This scheme differs from a classical projection
lithograph in that it combines the functions of a mask
and a EUV radiation source in one element—an array
of microfocus X-ray tubes. The idea is based on using
the technology of autoemission silicon nanocath-
odes—triodes with a rather high mean current density
(up to 1 A/cm?) developed by now [2]. By controlling
each individual cathode, it is possible to control with
high frequency an electron microbeam current. By
placing a thin film nearby and applying to it the appro-
priate potential difference, we can generate X-rays
upon absorption of the electron beam in the film; i.e.,
we will have an X-ray source array with small pixels.
By controlling the states of individual pixels, it is pos-
sible to form the topology of the source, thereby hav-
ing an analog of a conventional mask for projection
lithography, but a dynamic mask with a changeable
topology. An objective transfers a diminished source
image on a semiconductor plate with a photoresist, the
displacements of the plate during exposure being syn-
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chronized with the switching of pixels in the microfo-
cus tube array.

An important parameter of the lithographic pro-
cess is the exposure rate, which is directly proportional
to the X-ray radiation power incident on the plate P,
with a photoresist and can be written in the form

g,
4r

Py, = PCE (D)
where CE is the conversion efficiency (conversion
coefficient) of the electron energy P, into the X-ray
line energy emitted with 47 steradian; €, is the solid
angle within which the source radiation falls to the
objective (the useful source radiation); and R,, is the
reflection coefficient of mirrors of a projection two-
mirror objective considered in [1].

According to [3], the 11.4-nm K line of beryllium
seems the most promising for this problem. The
reflection coefficient of multilayer X-ray Mo/Be mir-
rors in this spectral range amounts to R,, = 0.7 [4]. By
substituting to (1) the parameters of the objective and
the chip of microfocus tubes from [1] and estimating
the conversion efficiency of the electron energy to the
Be K, line radiation by the probability of the radiative
decay of the excited atom taken from [5], the expected
output of the lithographic process for the typical sen-
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Fig. 1. Dependence of the conversion coefficient of the
electron energy to the energy of the characteristic Be K,
line on the incident electron energy obtained using the
WinXray software [9].

sitivity of photoresists in this range about 10 mJ/cm?
will be 1.10 x 102 cm?/s or about 0.5 plate 100 mm in
diameter per hour. Note that this exposure rate is pro-
vided during the formation of nanostructures with the
minimal technological size hp = 20 nm (half-pitch), it
exceeds by approximately three orders of magnitude
the efficiency of a single-beam electron lithograph
and is quite sufficient for small and even medium-size
microcircuit production.

The coefficient CE is determined by the ionization
efficiency of the electron shell and the probability of
the radiative decay of the excited state of the ion upon
filling of the produced hole by an electron from the
upper shell, and its value is unknown. The goals of this
study are to estimate the radiation efficiency of an
X-ray tube with a beryllium target in the “shooting
through” geometry and to determine the CE of the
electron energy to the energy of the characteristic Br
K, line. The results of Monte Carlo simulations and
experimental measurements of the emission of a thin
film Be target are presented.

2. MONTE CARLO SIMULATIONS

The generation of radiation in an X-ray tube is a
probabilistic process that can be described by Monte
Carlo simulations of the interaction of electrons with
target atoms. At present, a great number of software
packages are available on the Internet [6—8] for calcu-
lating fluorescence line intensities, the electron pene-
tration depth, and the absorption depth. However, all
these programs either have no data on the spectral
lines of light elements, including the K, line of Be, or
perform calculations based on semi-empirical interac-
tion cross sections whose reliability is confirmed only
for nuclear charges Z > 6. Moreover, calculations are
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performed for the “reflection” geometry; i.e., the
reflection of radiation to the same half-space from
which electrons are incident is considered.

Figure 1 demonstrates the dependence of the elec-
tron energy CE to the energy of the Be characteristic
K, line on the incident electron energy calculated with
the help of the WinXray software using ionization
cross sections from [9]. The absolute conversion effi-
ciency is defined as the ratio of the energy of the Be K,
line emitted into the solid angle 4w to the electron
beam energy.

One can see that the CE increases in the entire
electron energy range up to 12 keV, which contradicts
the data from [10], where the radiation intensity
increases up to the electron energy about 10 ionization
potentials. Then, the radiation intensity begins to
decrease noticeably with increasing the electron
energy, because of electron scattering in the target and
radiation self-absorption. The ionization potential for
the beryllium K level is £; = 111.5 eV [11].

The CE value was only 4.9 x 10~°. This casts seri-
ous doubts, because the emission probability of the Be
K, line is g = 3.6 x 107*[5], and due to weak scatter-
ing of electrons by light element atoms, the total cross
section for elastic scattering should not exceed the
cross section for inelastic scattering more than two
orders of magnitude. Moreover, it was stated in [9]
that the model is valid for 6 < Z< 79. Thus, the model
used in the WinXray software for calculating the abso-
lute radiation intensity of solid targets cannot be con-
sidered correct and, therefore, it is necessary to per-
form alternative simulations based on more adequate
interaction cross sections.

We used the model described in [12] and beryllium
ionization cross sections from [13]. Figure 2 presents
ionization cross sections for the Be K level calculated
by models [9] and [13].

One can see that the cross section from [13] has a
maximum in the vicinity of 100 eV (near the K edge of
Be), which suggests that this model is more adequate
than that used in the WinXray software [9].

The general calculation scheme includes the fol-
lowing steps:

The drawing of the process type (elastic or inelastic
scattering),

the drawing of the lost energy value,

the drawing of the azimuthal angle,

the drawing of the mean free path.

Such a model allows one to study the behavior of
the electron beam and target by fixing at each step the
energy, the motion direction, the depth under the sur-
face, and other parameters of interest.

The process type is determined from the distribu-
tion P,=¢,/(c; + G,); P,=1— P, Here, 6;and G, are
the integrated cross sections for inelastic and elastic
interactions, respectively.
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The cross section G, is calculated from the expres-
sion [14]
16m’Z 4e4¢41't
' SmEYR +1)
where @ = 0.855a,Z"'/3 is the screening radius, a, is the
radius of the first Bohr orbital, Z is the nucleus charge,

m is the electron mass, e is the electron charge, and £
is the incident electron energy.

The total cross section for inelastic scattering is
obtained from the Bethe formula [15]

4
21e Zln(1'166E), 3)
JE J

o (E) =

()

G,(E) =

where J is the mean excitation potential of the atom. It
follows from the Bloch theory [16] based on the statis-
tical Thomas—Fermi atomic model that J = kZ, where
k=13.5¢eV.

The cosine of the azimuthal angle is calculated
from the formula
cos @ = cos(2my), 4)
where 7 is a random number in the interval [0, 1],
assuming that any angle ¢ is equiprobable.

A new value of the angle with respect to the normal
to the surface after the /th collision is defined as

cosf, = cosP,_;cos6, +sinP,_;sin6,cosq,, (5)
where [ is the angle with respect to the normal to the
surface and 0 is the polar angle.

The drawing of the mean free path A, is performed

and the depth D of next collision is calculated by the
formula

D =D+ A\, cosf,. (6)

The condition of the electron backscattering or
escape from the target (0 < D < d, d is the film thick-
ness) is verified.

The characteristic line intensity is calculated as fol-
lows.

(1) The ionization and excitation cross sections are
determined for all possible transitions. The ionization
cross section for an individual level is taken from [13]:

- S n@f, 1), ,_1_In@ 7
o,(1) t+u+1[ 2 (th)ﬂ ‘ t+1} )
_ 4ma, NR’ g
S——B , (8)

q

where N is the number of orbital electrons, # = E/B,,
u = U/B,, Ris the Rydberg constant, U= <p2/2m> is the
orbital kmetlc energy, and B, is the bond energy of the
gth level. The excitation cross section was determined
by the scaling method [17] from the expression

FE
o = —= )
E+B +C
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Fig. 2. Dependences of the ionization cross section for the
K shell of a beryllium atom on the incident electron energy
plotted by data form [9] (dashed curve) and [123] (solid
curve).

where C, is the excitation energy of the gth level.

The line intensities were calculated using probabil-
ities presented in [5].

(2) Taking into account data on the probabilities of
the fluorescence and Auger process yield [5] and tran-
sition energies [18], the amount of photons emitted by
the given atom in the given line is determined.

(3) Taking into account the photon creation depth,
its energy, and the permittivity corresponding to this
energy [19], the number of photons escaped from the
target is determined.

This model was used for calculating the radiation
intensity of a beryllium target in the shooting through
geometry (within a solid angle of 47) as a function of
the incident electron energy (the angle of incidence of
electrons on the target was assumed zero in all calcu-
lations) and the Be film thickness. The CE of the elec-
tron energy to the characteristic Be 11.4-nm K line
energy was calculated from these data. The energy
range was from 0.5 to 10 keV. The electron current was
taken to be 1.0 A in all calculations (corresponding to
6.25 x 108 electrons per second). Figure 3 presents the
typical emission spectrum of the beryllium target in
the shooting through geometry. The calculation
parameters were: the electron energy E, = 1.0 keV, the
angle of incidence 0;, = 0, and the film thickness d =
200 nm.

One can see that the spectrum is a combination of
the characteristic emission and bremsstrahlung. The
characteristic line intensity considerably exceeds that
of bremsstrahlung in the vicinity of 110 eV (11.4 nm),
which is typical for light materials. As it should be, a
sharp boundary of the continuous spectrum at the
maximum electron energy (5.0 keV in our case) is
Vol. 127
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Fig. 3. Emission spectrum of a beryllium target calculated
for the shooting through geometry. Calculation parame-
ters are: the electron energy £, = 1.0 keV, the electron cur-
rent is 1.0 A the angle of incidence 6;, = 0, and the film
thickness is 200 nm.

observed, and the bremsstrahlung intensity decreases
at energies above the characteristic line energy
because of the emission self-absorption in the film. All
this confirms the validity of the model constructed.

The break of the continuous spectrum below 30 eV
is explained by the break of calculations (electrons
were monitored in the target down to the energy
30 eV). Electrons with energies below 110 ¢V cannot
excite the characteristic Br K, line. However, to
observe a change in the bremsstrahlung intensity
before and after the characteristic line, electrons with
energies from 110 to 30 eV were also studied.

At the first stage, thin film beryllium targets 100,
200, and 400 nm in thickness were simulated in the
shooting through geometry. Figure 4 shows the depen-
dences of the conversion coefficient and the absolute
intensity of the 11.4-nm characteristic BeK, line
within 47 steradian on the energy of incident elec-
trons.

One can see from the figures presented above that
the film with the smaller thickness (100 nm in our
case) provides the higher conversion coefficient. The
sharp decrease in the radiation intensity and conver-
sion coefficient (the break of plots) at electron ener-
gies 4, 5, and 8 keV for 100, 200, and 400 nm thick
films, respectively, is caused by the onset of propaga-
tion of electrons through the target. This reduces the
energy transfer to the target and, thereby reducing the
intensity of the 11.4 nm line emitted from the target.

Numerical experiments were performed for deter-
mining the optimal film thickness for each accelera-
tion voltage used (0.5—10.0 keV). The optimal thick-
ness was defined as the film thickness providing the
maximum absolute intensity of the 11.4-nm BeK line
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Fig. 4. Dependences of the conversion coefficient of the
electron energy to the energy of the characteristic BeK,
line (a) and the absolute intensity of the characteristic K|,
line (b) in 47 steradian on the incident electron energy.

emitted within 4m radian in the shooting through
geometry and, correspondingly, the maximum con-
version coefficient for the given accelerating voltage.
The dependence of the conversion coefficient on the
film thickness can be qualitatively explained by the
following reasons. When the film thickness is small,
electrons incident on the target pass through it, not
giving all their energy to target atoms. In the case of
thick films, electrons lose their energy far from the
surface of the shoot through target and radiation pro-
duced in the target is lost due to self-absorption in the
target. Thus, there exists the optimal thickness provid-
ing a compromise between the opposite actions of
these effects.

Figure 5 presents the absolute radiation intensity
spectra of the Be target, including the K, line, for the
electron energy E, = 5.0 keV and three film thick-
nesses. The highest radiation intensity corresponds to
the 200 nm thick film. One can see that self-absorp-
Vol. 127
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1010F The peak absolute intensities of the BeK|, line and
4 the conversion coefficients of the electron energy to
10°F the BeK, line within 4w steradian in the shooting 1
r through geometry corresponding to these optimal film
102k thicknesses are presented in Fig. 7.
F
r Figure 7 demonstrates a plateau in the dependence
- of the conversion coefficient on the electron energy in
1072 : ] A
10 102 103 the energy range between 1 and 3 keV, in accordance
with the theory [10] predicting that the optimal radia-
Photon energy, eV .. . .
Intensity, photon/s tion is achleve.d for the electron energy about ten ion-
1018 ization potentials.
1 The maximum conversion coefficient obtained in
1014 4 (© I = 6.3%10'® photon/s calculations was 3.0 x 10~ at the electron energy E, =
4 2.0 keV for a 40 nm thick freely suspended beryllium
1010F film.
4
3
106§ / 3. EXPERIMENTAL RESULTS
3
, 4 A stand on which experiments were performed and
10 r an electron gun providing the minimal contamination
F of a target are described in [20]. As targets, we used
10-2E - - freely suspended Be films with different thicknesses
10 10? 10° prepared by the method described in [21]. The scheme
Photon energy, eV of the experiment is presented in Fig. 8. Electrons
Fig. 5. Absolute emission spectra of the Be target for the emlFted by thermocathode 7 and pulled out by ?’ccel'
electron energy E, = 5.0 kV, electron current 1.0 A and dif- erating electrode 2 are focused by electromagnetic lens
ferent film thicknesses: (100) (a), 200 (b), and 400 (c) nm. 3 on thin Be film target 4. The target was grounded via

a current measuring resistor. For each accelerating
. . L . i . voltage, its own value of current through a solenoid
tion increases with increasing the film thickness yaggelected. The electron beam incident on the target
(a dgcrease in the? radiation intensity is observed generates X-rays, which are recorded with a FDUK-
behind the absorption K edge). 100UV absolutely calibrated silicon photodiode with

Thus, we calculated the optimal film thickness for the spectral sensitivity presented in [22].

each accelerating voltage used (0.5—10 keV). Figure 6 Parasitic long-wavelength radiation is suppressed
presents the dependence of the optimal film thickness by a thin-film absorption filter mounted on the
on the accelerating voltage. entrance window of the detector. The filter is made of
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Fig. 7. Peak intensity of the Be K, line (a) and the conver-
sion coefficient of the electron energy to the energy of the
characteristic Be K, line (b) in 4[pi] steradian in the shoot-
ing through geometry as functions of the electron energy.

a thin (200 nm thick) beryllium film with the trans-
mission spectrum presented in Fig. 9.

One can see that transmission at the working wave-
length is about 80%, while the wavelength radiation is
suppressed by more than five orders of magnitude
(T433 0m = 5.6 % 107°). Because Be has only one char-
acteristic line and the bremsstrahlung intensity is a few
orders of magnitude lower than the characteristic radi-
ation intensity, the spectral purity of measurements
was fulfilled in the first approximation.

We detected in experiments the dependence of a
signal from a target on the accelerating voltage by
measuring the electron current on the target. Mea-
surements were performed for shooting through tar-
gets 200 and 400 nm in thickness. Figure 10 shows the
photograph of the thin 200 nm thick Be film target
obtained after experiment.
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Fig. 8. Scheme of the experiment: (1) thermocathode; (2)
accelerating electrode; (3) electromagnetic lens; (4) shoot-
ing through target (beryllium film); (5) FDUK-100UB sil-
icon photodiode detector with a thin film filter.

The photograph demonstrates a distinct 2 X 2 mm?
imprint of the electron beam. The electron current
incident on the beryllium target and the power density
corresponding to this current are presented in Fig. 11
as functions of the accelerating voltage.

One can see that the power density on the target
noticeably exceeded 1.5 W/cm?, corresponding to
temperatures no less than 700°C. Note that the film
withstood prolonged X-ray exposures. This suggests
that a beryllium film can be readily used as a shooting
through target from the point of view of thermal loads
because the working temperature of the target in a chip
of micro focus tubes, which can be manufactured, will
not exceed 200°C. The cooling of the target at much
higher heat release densities (up to 1 kW/cm?) will be
performed by the heat removal through the chip to an
active cooling system.

The dependences of the detector signal on the
accelerating voltage for the shooting through beryl-
lium target are presented in Fig. 12.

Beginning from some accelerating voltage, a sharp
increase in the signal is observed: for a 200 nm thick
film, at the electron energy 3.0—3.5 keV, and for a
400 nm thick film, at the electron energy 4.0 keV. We
explain this by a drastic increase in the fraction of elec-
trons propagated through a thin film target and gener-
ating radiation from a material located in front of the
photodiode of the beryllium filter. This is confirmed
by the curves presented in Fig. 13.

For the 200 nm thick film, the propagated elec-
trons appear at the electron energy 2.5 keV, and for the
400 nm thick film, at the electron energy 4.0 keV,
which is manifested in a sharp bending of the plot of
the dependence of the detector signal on the X-ray
tube accelerating voltage.

Then, the conversion coefficient was calculated for
the electron beam energy converted to the characteris-
tic BeK,, line within the 27 solid angle by the expres-
sion

P
CEy, = 21 2%, (10)
e d
Vol. 127 No. 6 2018
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Fig. 11. Electron current on a target and the corresponding
power density as functions of the electron density.

where P, is the power of photons emitted from the
target into the detector solid angle Q, = 2.6 x 1073 sr
and P, is the electron beam power.

The power of photons emitted from the target
within the solid angle €, is equal to the detected radi-
ation power divided by the spectral filter transmission
T,at the working wavelength 11.4 nm and can be writ-
ten as

1y

Ph:_a

p

(1)

where I, [A] is the detector current, S,;/[A = 11.4 nm] =
0.229 A/W is the detector sensitivity at the working
wavelength [22].
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Fig. 12. Dependences of the detector signal on the acceler-
ating voltage.

Note that the estimate of the conversion coefficient
obtained above is valid only for radiation detection
angles close to normal.

The dependence of the conversion coefficient of
the X-ray tube electron energy to the characteristic Be
K, line within the 2[pi] solid angle on the electron
energy is presented in Fig. 14.

The maximum value of the conversion coefficient
measured within the 27 solid angle was 4.6 x 107 for
the 200-nm thick film and the electron energy
2.75 keV. This corresponds to the conversion coeffi-
cient within the 47 solid angle about 9.2 x 10~>, which
is approximately three times smaller than the calcu-
lated value. Thus, the contribution of inelastic scatter-
ing to the total interaction cross section proved to be
overstated in our model, because we used ionization
No. 6
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Fig. 13. Current of propagated electrons as a function of
the electron energy (accelerating X-ray tube voltage for 200
and 400 nm thick films.

cross sections from [13]. These cross sections are
noticeably closer to experimental results than these
obtained in [9], but also differ from experimental val-
ues. Therefore, to refine the calculation method, it is
necessary to correct interaction cross sections. The
study of the spectrum of propagated electrons and the
measurement of the conversion coefficient directly in
the transmission band of a lithograph require separate
considerations.

4. CONCLUSIONS

Software for Monte Carlo simulations of the inter-
action of accelerated electrons with a thin film shoot-
ing through target has been written. The program was
used for calculating the absolute radiation intensity of
a beryllium target depending on the film thickness and
the accelerating electron energy. The maximum calcu-
lated conversion coefficient of the electron energy to
the energy of the characteristic BeK,, line within 47

1 steradian in the shooting through geometry was CE =
3.0 x 10~* for the electron energy E, = 2.0 keV and a
40 nm thick freely suspended beryllium film.

Practically important results of the work are exper-
imentally measured conversion coefficients of the
electron beam energy to the characteristic BeK|, line in
the electron energy range 0.5—3 keV for 200 nm and
400 nm thick films. The maximum value of the mea-

1 sured conversion coefficient recalculated to 47 stera-
dian was CE = 9.2 x 107> for the 200 nm thick film and
the electron energy E, = 2.75 keV. In addition, an
important result was the demonstration of a prolonged
operation of a submicron beryllium film as an anode
of an X-ray tube. The typical thermal loads on film
samples exceeded 1.5 W/cm? during measurements,
corresponding to the heating of the central region of
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Fig. 14. Dependences of the conversion coefficient of the
electron energy to the energy of the characteristic Be K,
line to the solid angle 2r for an X-ray tube with shooting
through targets made of freely suspended 200 and 400 nm
thick beryllium films.

films up to temperatures above 700°C, however, with-
out their break or rapid degradation of their character-
istics.

Experimental data on the conversion efficiency of
the electron beam energy to the soft X-ray energy in
shooting through beryllium targets suggest the neces-
sity of correcting Be ionization cross sections pre-
sented in the literature.
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