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FOCUSED ION SOURCE
FOR THE MICROELECTRONICSTHIN FILMS
PROCESSING

This paper presents the results of the optimizedpawxt ion source application for the
corrective ion-beam etching with the purpose talatg the thickness and uniformity of
microelectronics functional layers with high préais on large-diameter wafers. The
functional layers on the wafers are etched by ttasing ion beam. Localization and
power of the beam correspond to the thin film stefmhomogeneity. The possibility of
both correcting the thin film surface inhomogeneitd increasing the surface roughness

with the precision up td Ais shown.
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Introduction

Further  development of plasma
technologies is focused on improving the
critical parameters of the ion and plasma
sources. One of them is density of the ion
beam current, which can be achieved through
the increasing the ion current and/or
improving the focusing of the ion flux.
Recently reviewed duoplasmatron designs are
capable to produce ion beams [1] using the
focusing of the diverged ion beams by Einsel
lens and the efforts are focused on increasing
the total current of the ion beam. Cold-
cathode filamentless gridless compact ion
source described in this paper is able to
provide the hydrogen ion beam with the
current density of 0.16 A/cm typical for
fusion devices and should allow the
appropriate  experimental modelling of
plasma-wall interaction.

Recently, the particular attention has been
paid to the anode layer ion beam source (this
kind of sources is usually referred to as Hall
thrusters [2]), which produces cylindrical ion
beam with the current up to 300 mA. It is
characterized by simple and robust design,
stability of the operation, portability. The
most important parameter of this kind of
sources is the highest ratio of the ion beam
current to the discharge current. It is possible
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to extract 4680% of the discharge current
and convert it to the ion beam current. (For
comparison, the Duoplasmatron ion source is
capable to extract only up to+3% of the
discharge current).

Therefore, it is very attractive to design a
modified version of the anode layer ion
source, which can produce focused ion beam
with extremely high ion beam current density,
but preserving the main advantages of this
type of ion sources. The basic principal
design of the modified ion source (FALCON)
has been recently patented [3]. Further
development of the FALCON ion source was
described in [4], where theoretical and
experimental investigations of ion beam
formation via application of ballistic and
magnetic focusing were investigated.

In this paper, a set of investigations is
carried out to optimize the Hall thruster
focusing system for production and treatment
of microelectronics functional layers. The
deviations of ion trajectories from ballistic
ones are calculated. These calculations are
taken into account to optimize the design of
the reversible magnetic focusing system. The
current density profile is obtained in the plane
of the beam crossover. It demonstrates the

high power density localization up to
3kw/enf.  This  ion-beam  system
optimization is applicable for high-speed
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etching, polishing and deposition of thin films
[5] using single dc power supply.

This work investigates also the trimming
process that uses FALCON ion source for
high-precision adjustment of the thickness of
functional microelectronics layers. The non-
uniform layers deposited on the wafer are
etched by scanning focused ion beam, which
spatial positioning and power correspond to
the topography of layer non-uniformity.

Experimental techniques and results

The experiments were performed using the
ion beam trimming installation for high-
precision adjustment of the thickness of
functional microelectronics layers that utilizes
the wafers with a diameter of €800 mm
(see Fig. 1). The system was mounted inside
the vacuum chamber (1) that provides the
residual pressure of 10 Torr (working
pressure is IO Torr) with the use of
turbomolecular pump. The ion-beam system
consisted of ion source generating the ion
beams of the keV range (2), and coordinate
system for the positioning and scanning (3, 4).
The coordinate system was controlled through
the specialized software and allows precise
local etching of the material.

Fig. 1. The scheme of the ion-beam trimming system:

1 — vacuum chamber, 2 — ion beam source, 3 —
coordinating system, 4 — spinning wafer holder, 5 —
processing wafer.

Fig. 1 shows the scheme of the trimming
device, where the positioning is implemented
using 2-D polar coordinates. The
implementation of the positioning system
using Cartesian coordinate system was also
possible.

The surface was treated by small-sized
Hall-type ion beam source (Fig. 2) designed
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to provide the ballistic and magnetic focusing
of the ion beam [1].

Fig. 2. The ion source used for trimming and the
focused ion beam.

If the method of ballistic focusing is used
for enhancing the beam current density then
the theoretical geometric coefficient of
compression is equal (see Fig. 3.):

_ 8Rsina

G= 5 (1)

For the geometric values which are typical
for our experimental conditions, the
coefficient of compression is equakF171.
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Fig. 3. Model of the beam ballistic focusing),(its
geometric parameters (b), developed hardware (c).

The area of the crossover was expected to
be S(crossover) =3,45 minThe used beam
current is up to 200 mA while the average ion
energy is 1 keV in the commercial Hall
thruster. Via decreasing the square of the
beam cross-section we expected to get the
beam densitycossover5,79 Alcnt and rather
high power densityP=j =116 MW/nt,
wheregp, is ion kinetic energy.

To realize the ballistic focusing usual
plane cathode and anode were replaced by the
new units of special shape (Fig. 3(c)) with
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channels which provide the producing of
cone-like beam (Fig. 2).

Minimum diameter of the beam in the
plane of crossover obtained due to the
utilization of ballistic focusing reached
1.5cm. Thus the ballistic focusing itself did
not produce ideal cone-like beam in the Hall
source.

Overall deviation of the ion trajectory
from the dot of focus is given by the
following expression:

ys= wClI]? + a'ClllL :|1_L~£. 2)
209 w A U
In (2), a1 is ion gyrofrequency caused by
magnetic field within ballistic focusing gah,
is the length of magnetic field of ballistic
focusing, vy is ion velocity caused by
discharge voltagel. is the distance without
magnetic field from ballistic focusing
electrodes to crossover region, is the ion
gyroradius, B is magnetic inductionU is
discharge voltage.

The expression (2) shows the main
problem, videlicet, the transversal pulse
obtained by the ion at the short distarige
retains the same at the long distahceTo
improve the focusing it was proposed to
compensate the transversal pulse by the
magnetic field of opposite direction, i.e. to
use the magnetic system with reversible
magnetic field in the Hall ion source.

To find out the trajectories of the ions in
the Hall ion source with the ballistic and
magnetic focusing analogue of the Bush
theorem for paraxial beams [6] and the energy
conservation law were used:

mk - mky = el — o), 3)
.2 .2 2
E e

Here m is ion mass,x is transverse ion
coordinate,xp is initial ion coordinateg is
elementary chargey is magnetic field flux,
{p is initial magnetic field flux,& is ion
kinetic energy.

It is possible to derive from egs. (3) and
(4) the expressions for the ions trajectories
within three consistent areas particles are
moving through (Fig. 4). The first area is the
magnetic field of ballistic focusing. In the
second area, a particle moves in the reverse
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magnetic field produced by the magnetic
circuits of magnetic focusing. The third area
is the beam drift region almost without
magnetic field where the particles move
according to the previously acquired pulses.
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Fig. 4. Qualitative distribution of the magnetield in
the magnetic conductors system.
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lon trajectory within the first area,

O<y<L,, is described by the following
expression:
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For the second areal;<y<L,, ion

trajectory is as follows:
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Here ., is ion gyrofrequency caused by
magnetic field within magnetic focusing area.

And for the third ared,,<y<L3, one can
obtain:
L)+

(6)
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Fig. 5. The Ar ions trajectories in focused Haluiter.
Curve marked with “0.5” corresponds to the 0.5 ke®urve marked with “0.5” corresponds to the 0.5 keV
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ion trajectory and “6.0” - to the 6 keV.

The trajectories of argon and hydrogen
ions in focused Hall thruster are shown in
Fig. 5 and 6.

It is possible to adjust beam focusing via
varying the ratio of magnetic field fluxes in
gaps of the magnetic conductors and varying
the lengths of the first and second areas.
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Fig. 7. Hall ion source with the ballistic and mata
beam focusing: 1 — anode, 2 — cathode-magnetic
conductor providing the ballistic focusing, 3 -
magnetic focusing electrode, 4 — magnetic field. coi

The additional magnetic conductor
(indicated with “3” in Fig. 7) was placed on
the ballistic focusing electrodes (indicated
with “2” in Fig. 7) to realize magnetic beam
focusing. This additional magnetic conductor
provided the magnetic field of opposite
direction in respect of the field in the
discharge gap of the source. Magnetic field
coil served to align the magnetic flux along
the ballistic trajectory of the ion beam and to
reach the minimum beam diameter in the
plane of the crossover.
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Fig. 6. The H ions trajectories in focused Hallufter.

ion trajectory and “6.0” - to the 6 keV.

Fig. 8. The ion beam intensity, obtained by spirtter
of the SiQ layer with Ar (1) ion beam and H (2) ion
beam.

The profile of the ion beam intensity was
measured via etching tH&O, layers. These
layers are of different colours for different
layer thicknesses. Fig. 8 shows the ion beam
intensity, obtained by sputtering th8iO,
layer with Ar ion beam (beam current was of
40 mAand average ion energy wasloke\j
andH ion beam (beam current was 1 mA
and average ion energy was bfke)j. One
can see that the beam intensity is well
concentrated within the diameterdbmm
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Fig. 9. Typical topography of non-uniformity of theFig. 10. Typical topography of the non-uniformity
AIN layer obtained by magnetron deposition. Theygraneasured for the AIN layer after the single pass
dots show the points, where the layer thickness hemming with Ar ion beam.

been measured.

The ion source generated conical beam of
Ar ions with energy of300-1500 eV and
current of 1-50 mA during the trimming
experiments. The increase of the ion beam
current density in comparison to cylindrical
one is described by coefficient of the beam
compression. For the ion source used for the
trimming the compression coefficient was
about50.

The local etching rate of the functional
layers was regulated by varying the power of
the beam. The gas discharge power in Hall-
type ion source with anode layer can be easily
controlled by varying the voltage applied to
the anode. In the trimming tool (Fig. 1),
software controls the positioning mechanism
and the voltage of the discharge.

The investigation of surface polishing by
trimming was carried out using tt& wafers
with a diameter oft50 mmwith AIN layer.
The layer thickness wa%-1.5 micrometers
and it was deposited by magnetron physical
Sputtering.

The process of the ion beam polishing
consists of two stages. At first, the triradial
interferometer measures the thickness of the
layer at a number of points. The number of
measurement points can be varied ufQ6Q
however, typical number of the points
corresponds to number of chips manufactured
on the wafer. The topography of the
functional microelectronics layer is produced
by software basing on the results of
measurements. The topography map is used
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then to calculate the parameters of the
topography correction: the position of the ion
source and its discharge power. For example,
Fig. 9 shows typical topography of the
aluminium nitride layer deposited by
magnetron sputtering. The parameters of the
topography are as follows: average layer
thickness is8265.4 A maximum thickness is
8341.7 A minimum thickness i8179.8 A the
data spread for the layer thicknes$64.8 A

The topography of the layer would differ
only slightly if the batch ofSi wafers with
aluminium nitride deposition are produced in
the same manufacturing process. Therefore,
one can use average parameters of the
topography for the trimming of the whole
batch of the samples.

After measurement of the topography, the
functional layer was etched by the trimming,
i.e. it was exposed to the scanning ion beam.
The position and the power of the ion beam
were controlled by the software, which set the
trimming parameters according to measured
map of the layer topography. Following the
trimming process, the topography of the layer
was measured once more in the same way.
Fig. 10 shows typical topography of the layer
non-uniformity, obtained after the single pass
trimming process. The parameters of the
topography, obtained in this particular case,
are as follows: average layer thickness is
8172.3 A maximum thickness i8176.2 A
minimum thickness is8169.0 A the data
spread of the layer thickness7nig A
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Fig. 11. Functional layer uniformity: 1 — as depedj
2 — after the first trim based on monitor wafer map-
after the second trim, based on individual maps.

500 [ l [} l [l I [ l [
- i
8400 — -
-

8 - =

300 — L
5
> i
200 — f—
g ] 2 .
Z100— f—
S
<R i

0 I —
1905 1910 1915 1920 1925 1930

Frequency, MHz
Fig. 12. Distribution of number of the FBAR chips
obtained from the same wafer as a function of their
working frequency: 1 — initial; 2 — after single
trimming.

The Fig. 11 demonstrates the uniformity
of functional layer and its improvement in the
result of two trimming stages. The curve “1”
shows the thickness of the initial deposited
layer. The curve “2” shows the thickness of
the layer after it was processed for the first
time on the base of monitor wafer map. The
curve “3” corresponds to the results of the
second trim of the layer based on the
individual map. It is proved that intellectual
trimming based on individual map strongly
decreases the non-uniformity of tA&N layer
down to sub-nanometer scale over the surface
of diameter of150 mm The obtained layer
can be used as FBAR, which thickness value
defines the acoustic frequency, generated by
FBAR.
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Fig. 12 shows the distribution of the
number of FBAR chips, obtained from the
same wafer, as a function of their working
frequency. One can see that chips obtained
from the wafer, that has not been processed
with the trimming, have wider distribution of
the working frequencies ranging from
1905 MHz to 1930 MHz In contrast, the
working frequency of the chips obtained from
the trimmed wafer is located mostly around
the value ofLl916 MHz Narrower distribution
of the chip frequencies increases the chip
yield per wafer, decreasing their prime cost

and increasing, therefore, the overall
economical efficiency of the chip
manufacturing.
Conclusions
This paper describes the important

application of the FALCON ion source, which
demonstrates both technological advances and
economical efficiency of the trimming
process.

The deviations of ion trajectories from
ballistic ones in FALCON ion source are
calculated. These calculations are taken into
account to optimize the design of the
reversible magnetic focusing system. The
current density profile is measured in the
plane of the beam crossover. It demonstrates
the high power density localization up 8
kwWi/cnd.

The ion beam etching for high-precision
adjustment of the thickness of functional
microelectronics layers is investigated. The
topography (i.e. local thickness) of layer
deposited on the substrate is measured and
these measurements are used for controlling
the layer processing by scanning focused ion
beam. Its spatial positioning and ion beam
power is controlled accordingly to the
topography through the software. The
trimming allows production of pre-defined
topography of the layer with the thickness
spread down tat A Experiments show that
the surface roughness can be decreased down
to sub-nanometer scale. As the result, the
trimming process provides the increased chip
yield and, correspondingly, increased econo-
mic efficiency of the overall production
process.
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COOKYCOBAHE JI’KEPEJIO 10HIB VI ObPOBKH
TOHKHUX IIVIIBOK MIKPOEJIEKTPOHIKHA

Y po6oTi mokazaHO Pe3yJIbTATH 3aCTOCYBAHHS ONTHMi30BAHOTO KOMITAKTHOTO 10HHOTO
JOKEpena JiIsi KOPUTylo4oro 10HHO-IIPOMEHEBOTO TPABJICHHS /Il PETYJIIOBAaHHS TOBIIUHH
(GYHKIIOHAJIBHUX MIApiB MIKPOCJICKTPOHIKM 3 BHCOKOIO TO4YHICTIO. DyHKIIOHAIBEHUN
map Ha MJKIAANI BUTPABIIOETHCS CKAaHYIOUUM C(OKYCOBAaHMM I10HHMM ITYYKOM,
JIOKaIi3alisi Ta MOTYXKHICTH SIKOTO BijmoBinae Tomnorpadii HEOIHOPIAHOCTI TOBIIMHH
¢byHKiioHanpHOrO mapy. [loka3aHoO MOJMJIMBICTH PEryJIIOBAaHHS PO3MOALTY TOBILUMHU
IUTiBOK IO MOBEPXHi MiAKIAZ0K 10 +/—4 A ta 3sMenmernms mopeTkocTi moBepxHi.
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C®OKYCHUPOBAHHBIA NICTOYHUK UOHOB JJI51
OBPABOTKHU TOHKHUX IINIEHOK MUKPOJ3JEKTPOHUKHU

B pabGore mpexacraBieHbl  pe3yJbTaThl NPUMEHEHMS  ONTUMHM3MPOBAHHOIO
KOMIIAKTHOTO UCTOYHMKA HOHOB JAJS  KOPPEKTHUPYIOUETO HOHHO-TY4€BOI0
TpaBlCHHsST  JJIsI  PErYJIMPOBAaHUS  TOJIMUHBI  ()YHKIMOHAJNBHBIX  CIOEB
MHUKPOJJIEKTPOHUKH C BBICOKOH TOYHOCTHIO. DYyHKIMOHAIBHBIN CIIOH Ha IOJUIOKKE
MPOTPABIMBACTCS  CKAHUPYIOUIMM  CHOKYCHPOBAaHHBIM  HOHHBIM  ITyIKOM,
JIOKaJU3aIisd U MOITHOCTh KOTOPOTO COOTBETCTBYET TOIOTpadiy HEOTHOPOIHOCTH
TONMMHWHBI  (PyHKIMOHANBHOTO cjos. Iloka3saHa BO3MOMKHOCTh —PETYIHPOBKH
pacrpenieieHisl TOJIIWHBI IJICHOK IO ITOBEPXHOCTH MOJUIOKEK W YMEHBIICHHUS
LIEPOXOBATOCTH MOBepXHOCTH 10 4 A,

KiroueBble c10Ba: KOMIAKTHBIM MCTOYHHUK HOHOB, OAJUITMCTHYECKAs W MarHUTHAs
(oKycHpoBKa Iy4Ka, HEOAHOPOJHOCTh (HYHKIMOHAJIBHOTO CJIOSl, MOHHO-IIy4eBOE
TpaBIICHHE.
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