Fast Deposition of ZnS Thin Films by Intense Pulsed Ion Beam
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A fast deposition technique has been novely developed for the preparation of ZnS thin films by use of an intense.
pulsed ion beam. The zinc and sulfur plasma have been produced by the irradiation of the intense pulsed beam
(~6.6 GW/cm?) onto the surface of the ZnS target, which is deposited onto a substrate kept at room temperature.
The temperature of the plasma has been evaluated to be ~ 1eV. The deposition rate has been estimated to be ~
2.3 cm/s, which is several orders of magnitude higher than those with any other methods. We have found that the

films prepared have a polycrystalline hexagonal structure.
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I. Introduction

An extremely high-power density of more than
several GW/cm? can be easily concentrated using
an intense pulsed ion beam~®, Since the stopping
range of the ions in a matter is very short, the
surface of the target is instantaneously heated up to
produce a high-density, high-temperature plasma,
being expanded and deposited onto the substrate.
Since the ions in such a plasma are expected to be
very effective for the formation of well-condensed,
high-crystalline thin films®, they can be used in the
application for vacuum deposition®~".  Further-
more, the quick deposition of thin films might be
expected. In this paper, we report the experimental
results and the associated theoretical calculations
on this new deposition technique for the preparation
of ZnS thin films.

II. Experimental Arrangement

Figure 1 shows the cross-sectional view of the
deposition system by the intense pulsed ion beam.
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The experiment has been carried out by using a
pulse-power machine, “ETIGO-1"#® (1.2 MV, 240
kA, 0.3 TW, 50 ns, 14.4 k]). The intense pulsed ion
beam has been generated by a magnetically insulat-
ed diode (MID)V~®. The MID is constructed of a
slab anode (Al) and a racetrack-shaped cathode
(brass). A flashboard (polyethylene) has been at-
tached to the surface of the anode as an ion source.
The cathode works as an one-turn theta-pinch coil
to produce a transverse magnetic field in the gap
between the anode and cathode. To achieve the
focusing of the beam geometrically, the part of the
anode and cathode are shaped spherically (radius of
the sphere is 160 mm and 150 mm for the anode and
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Cross-sectional view of the deposition system by
intense pulsed ion beam.
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cathode, respectively). The gap length between the
anode and cathode is 10 mm. The vacuum chamber
has been evacuated to ~ 10~* Torr.

The target box in which the target and sub-
strate are installed is located at z = 130 or 140 mm
downstream from the anode. The diameter of the
entrance is 9 or 20 mm. The sintered-ZnS target (35
mm in diameter) has been set on the stage which is
inclined 45 degrees with respect to the axis of the
beam. The distance from the entrance to the center
of the target is 20 mm. Thus, the distance between
the anode and target is 150 or 160 mm. The sub-
strate of glass is located at ¥y = 16.5 or 18 mm above
the central line of the beam. The target and the
substrate are kept at room temperature.

III. Experimental Results

a) Waveforms

Figure 2 shows the typical waveforms of a)
inductively-calibrated diode voltage (V},), b) diode
current (/;) and c¢) ion-current density (/;) at z = 140
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Fig.2 Typical waveforms of the MID ; a) diode voltage
(V2), b) diode current (1), ¢} ion-current density ()
measured at the focal point (z =140 mm).
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Fig.3 Film thickness (d) on glass substrate plotted
against number of shot (N).

mm from the anode on the axis of the beam. From
Fig. 2, we see V; ~ 940kV, I, ~ 60 kA, J; ~ TkA/
cm? and 7 (pulse width of J;) ~ 30 ns (Full Width at
Half Maximum, FWHM). From these results, the
beam-power density can be estimated to be ~ 6.6
GW /cm? at the focusing point.
b) Thickness of Films

Figure 3 shows the thickness (d) of the ZnS
films prepared on the substrate plotted against the
number of shot (V) of the beam. In this experiment,
the entrance (9 mm in diameter) for the target box
was located at z = 140 mm. The distance between
the center of the target and the substrate was y =
18 mm. From Fig. 3, we see that the film thickness
almost linearly increases with increasing the number
of shot, and that the deposition rate of ~ 0.3 ym/
shot has been achieved.
c) Crystallinity of Films

Figure 4 shows an x-ray diffraction pattern
(using Cu-Kq line) for the film prepared by one shot
of the beam. In this experiment, the entrance (20
mm in diameter) of the target box was set at z =
130 mm. The distance from the target and the
substrate was y = 16.5 mm. As seen from Fig. 4, a
sharp peak which corresponds to the diffraction
angle for the cubic (111) or the hexagonal (002) ZnS
appears at 26 = 28.5°. The other peak at 26 = 51.8°
corresponds to the hexagonal (103) ZnS.

To clarify the structure of the films prepared,
we have scraped the films to powder, and compared
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Fig.4 X-ray diffraction pattern for ZnS thin film obtained

on glass substrate kept at room temperature.
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Fig.5 X-ray diffraction pattern for ZnS powdered from

thin film. Data are also referred from the ASTM
for the powder of cubic- and hexagonal-ZnS.

with the x-ray diffraction pattern of ASTM (Ameri-
can Standard for Testing Materials) data for the
powdered ZnS. Figure 5 shows the x-ray diffraction
pattern measured for the ZnS powdered from thin
films prepared in this experiment and the ASTM
data of cubic- and hexagonal-ZnS. From Fig. 5, we
have found that all the peaks are consistent to those
for the hexagonal-ZnS of the ASTM data. From
this comparison we have concluded that the films
prepared have a hexagonal structure.
d) Swurface Structure of Target

Figure 6 shows x-ray diffraction patterns for
the surface of the ZnS target a) before and b) after
the irradiation of the beam. As seen from Fig. 6, it
is clear that the peaks for the cubic ZnS appear
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Fig.6 X-ray diffraction patterns for the surface of sin-

tered ZnS target, a) before and b) after the irradia-
tion.

before the irradiation, and that several peaks for the
hexagonal ones have grown after being irradiated
by the beam. From these results, we have concluded
that the surface of the ZnS target has been changed
from the cubic- to the hexagonal-structure by the
irradiation of the beam.

IV. Theoretical Calculations

a) Temperature of Target

From Fig. 2, we have estimated the energy of
intense pulsed beam to be ~ 940 keV. Since the
beam is mainly composed of protons®, we have
supposed all the ions are protons. From the stop-
ping range for 940 keV protons in Al target (Ra1) of
~ 3.8mg/cm?? we have calculated the range of
protons in the ZnS target (Rz.s) by Bragg-Kleeman
rule'® to be,

Rizns = (Azas/ An)'?+Ray ~ 5.2 (mg/cm’®).

Here, A, is the atomic weight'of Al (= 27.0), and
Azns is the effective atomic weight for ZnS that is
calculated as,

Azns = ((Aza +AS)/(AZn”2 + As'?)? ~ 50.2,

— 59 —



Yutaka SHIMOTORI, Meiso YOKOYAMA, Shigetoshi HARADA, Katsumi MASUGATA and Kiyoshi YATSUI

0 1 2
T (eV)

Fig.7 Relationship between the mean energy injected to
the atom of ZnS target (E*, summation of the ion-
ization and thermal energy of plasma) and the
temperature of the target plasma (7). Electron
density (#.) ranges from 10'® cm™® to 10* cm™2.

where Az, and As are the atomic weight of Zn (=

65.4) and S (= 32.1), respectively.

Assuming the flat deposition profile in the ZnS
target, energy density averaged in the surface of the

ZnS target has been estimated to be,

940(keV) X 7(kA/cm?) X 30(ns)/5.2(mg/cm?)
~ 3.8%x10*(J/g).

Since the average mass of atoms in the target
(mizns) is 8 X107 g, the mean energy deposited into
each atoms of the target (£i,) has been calculated to
be,

E;, ~ 3.8X10%J/g)x8x1072%(g)/1.6 X107**
(J/eV) ~ 19(eV).

The thermal relaxation time between electrons
and ions for the zinc and sulfur plasma (7.) at
temperature (7)) ~ 1 eV and electron density (n.) ~
10%° cm~2 has been calculated to be,

Tet ™ 2X104'(T3/2/ne)’(7%/lns/me) ~ 13 (DS),

where mys is the average mass of the target atom
and m. is the mass of an electron (~ 9.1 X107%% g).
Since this relaxation time of ~ 18 ps is significantly
shorter than the pulse width of the beam of ~ 30 ns,
we suppose the temperature of the ions is equal to
that of electrons.
Here, we consider that all energy deposited

might be converted to the following :

(1) ionization energy,

(2) thermal energy of the ions and electrons in
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Fig.8 lonization ratio («) for a) Zn and b) S atoms as a
function of plasma temperature (7). Electron
density is assumed to be 10%° cm™3,

plasma,

(3) dissociation (ZnS — Zn+S) energy,

(4) vaporization energy.
Since the summation due to the processes (3) and (4)
is estimated to be E, ~ 2.7 eV'?, the specific energy
of the plasma (E*, the summation of (1) and (2)) is
estimated to be,

E*=FE,—FE =19-2.7 =163 (eV).

The relationship between E* and the tempera-
ture of the plasma (7') have been calculated, and is
plotted in Fig. 7. Assuming the electron density to
be 10 cm~® from the previous experiment!?, we
have estimated T ~ 1eV for £* ~ 16.3eV.

Figure 8 shows the ionization ratio (a) for a) Zn
and b) S atoms as a function of the plasma tempera-
ture, which has been calculated by Saha’s equation
at electron density of ~ 10 cm=%. From Fig. 8§, we
see that at 77 ~ 1eV the Zn atoms are singly or
doubly ionized, and that the S atoms are singly
ionized.
by Deposition Rate
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Fig.9 Time variation of the flow rate of the ions (¢ (#)) at
the substrate (7'=1 eV, y=18 mm).

By assuming that the velocity distribution of
the ions evaporated from the surface of the target is
three-dimensional Maxwellian, it may be possible
to calculate the flow rate of the ions at the substrate.
Figure 9 shows the flow rate of ions ($(?)) calculated
at T = 1eV and y (the distance between the target
and the substrate) = 18 mm. If the effective deposi-
tion time has been evaluated by the FWHM of
#(1)"¥, the time has been calculated to be ~ 13.3 us.
From the experimental value of ~ 0.3 um/shot and
the calculated deposition time of ~ 13.3 gs, the
deposition rate per second can be estimated to be,

0.3 (£m)/13.3 (us) ~ 2.3 (cm/s).

Since the deposition rate for the conventional
technique is known to be ~ 0.1 ym/s at the most,
this method found here is significantly quick, being
more than five orders of magnitude higher than
those with any other technique.

V. Concluding Remarks

We have successfully prepared ZnS thin films
for the first time by use of an intense pulsed ion
beam. The deposition rate has been estimated to be
~ 23cm/s, which is more than five orders of
magnitude higher than those with any other tech-
nique. The temperature of the target plasma has
been estimated to be ~ 1eV, where the target
atoms are singly or doubly ionized. The ZnS films
prepared have a polycrystalline hexagonal struc-
ture.

With the extension of the studies above, it
might be possible to make other types of thin films
such as semiconductors, dielectric or magnetic
materials, and superconductors very effectively.
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