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ABSTRACT

The development of a hollow cathode plasma electron source (HC-PES) facilitated the rapid nucleation and low temperature deposition
of thin cobalt films using electron-enhanced atomic layer deposition (EE-ALD). The Co EE-ALD was performed near room temperature
(30-60 °C) using sequential exposures of cobalt tricarbonyl nitrosyl and low energy (100-200 eV) electrons. Electron-stimulated desorption
of CO and NO surface species creates open sites for precursor adsorption to facilitate the low temperature film growth. The HC-PES dis-
played high electron currents, rapid ALD cycling, and low susceptibility to chemical interference. Electron steering optics were also used to
mitigate the effects of sputtering in the HC-PES. The high electron currents from the HC-PES yielded rapid nucleation of cobalt films in as
few as four EE-ALD cycles with Co growth rates over 2 A/cycle on areas >4 cm”. In high aspect ratio structures, transmission electron
microscopy and energy dispersive spectroscopy analyses revealed a 4:1 topographical selectivity in favor of horizontal compared with vertical
surfaces. This selectivity was attributed to the directional electron flux from the HC-PES. This topographical area selective deposition sug-
gests that Co EE-ALD may be successful in achieving bottom-up fill of trenches and vias.
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1. INTRODUCTION

The use of low energy electrons can facilitate the growth of
thin films of metals, dielectrics, and semiconductors through
electron-enhanced atomic layer deposition (EE-ALD).'™* EE-ALD
uses sequential exposure of precursors and low energy electrons to
deposit thin films. The precursor molecule first adsorbs on the sub-
strate. Subsequently, the low energy electrons desorb the ligands
from the precursor via electron-stimulated desorption (ESD).”°
The process of ligand desorption leaves behind open sites for
further precursor adsorption. Repeating the precursor and low
energy electron sequential exposures produces the EE-ALD film
growth.

Similar to the behavior during thermal ALD,” both the elec-
tron exposure and precursor dose should display self-limiting
behavior during EE-ALD. For the precursor dose, saturation is
defined as the formation of one complete layer of precursor on the
substrate. For the electron exposure, saturation is defined as the
removal of all ligands from the saturated surface. Repetition of

the sequential precursor and electron exposures should lead to thin
film growth with Angstrom-level precision.

Electron-enhanced thin film growth has been demonstrated
previously for the deposition of elemental silicon.” Silicon was
deposited using sequential surface reactions with disilane (Si,Hg)
and low energy electrons as the reactants. The proposed mecha-
nism was dissociative adsorption of disilane on the surface and
then the removal of hydrogen by ESD using low energy electrons.
The removal of hydrogen from the surface leaves behind dangling
bonds on the silicon, which are then available for subsequent disilane
adsorption. Silicon growth rates were determined to be 0.3 A/cycle at
room temperature and an electron energy of 100 eV.’

EE-ALD has also been demonstrated for the growth of hexag-
onal boron nitride (BN)." The h-BN was grown using borazine
(B;N3Hg) and low energy electrons. Borazine is an ideal molecule
for BN EE-ALD for several reasons. Borazine has a high vapor
pressure and the 1:1 B:N stoichiometry needed for BN growth.
Borazine also contains hydrogen that has been shown to be labile
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from surfaces under electron radiation.”” The BN EE-ALD was
shown to be crystalline and turbostratic by XRD and transmission
electron microscopy (TEM), respectively." The proposed growth
mechanism was the adsorption of the borazine rings parallel to the
surface. The low energy electrons then desorb hydrogen, which
allows the borazine rings to bond together. This hypothesis was sup-
ported by the distinct layered appearance of the BN films by TEM.*

The EE-ALD investigations discussed above utilized low
energy electrons generated from an electron gun source based on
thermionic emission.'™ Such electron gun sources are typically
limited to fairly low electron currents because of space charge
limits defined by the Child-Langmuir law.'”"" In addition, the hot
filament electron emitter is susceptible to chemical attack and dep-
osition from the chemical precursors and reactive carrier gases.
The time required for the film growth is long because of the low
electron flux. The processing times are further lengthened due to
the pump and purge times needed to ensure minimal precursor
reaction with the hot electron filament. A more chemically insensi-
tive electron source would allow shorter pump and purge times,
significantly decreasing the processing time.

Compared with electron guns based on hot filaments, hollow
cathode plasma electron sources (HC-PES) are much more robust
and produce higher currents."”'” These sources take advantage of
the “hollow cathode effect,” where electron confinement within a
hollow cavity cathode leads to high plasma densities.'* The
plasma electrons can then be extracted from the hollow cathode
plasma to yield high current electron beams. Numerous designs
for the HC-PES have evolved over the last 30 years.'”™” Many of
these HC-PES designs conveniently operate at pressures of
10-500 mTorr.'**” These conditions are compatible with many
material processing procedures.

Because of their high electron density and chemical insensitiv-
ity, hollow cathodes can be employed for many applications."*
The sputtered ions and plasma species from hollow cathodes have
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been used previously for thin film deposition.”* The extracted elec-
trons from hollow cathode plasmas can also be utilized to generate
low electron temperature plasmas capable of delivering very low
energy ions to adjacent surfaces in a wide variety of gases.”””’
Electron beam injection from hollow cathodes has also been utilized
for electron-enhanced surface etching.”’ This paper will utilize the
HC-PES as a source of low energy electrons for Co EE-ALD.

This paper begins with a description of the basic operating
principles of the HC-PES. The design and operation of the
HC-PES is then discussed including the auxiliary electron steering
optics needed to bend the electron beam to eliminate any down-
stream contamination from the hollow cathode. The paper then
explores the results for Co EE-ALD obtained using the HC-PES. A
direct comparison between the HC-PES and the previously
employed thermionic emission electron gun is also given for Co
EE-ALD. Finally, an examination of Co EE-ALD in high aspect
ratio structures is presented using TEM analysis.

1. HOLLOW CATHODE PLASMA ELECTRON SOURCE
A. Hollow cathode plasma operation

An illustration of the operation of a hollow cathode plasma is
shown by the following steps in Fig. 1.7 (1) The hollow cathode
plasma starts with an initial ionization event inside the hollow
cathode body. This ionization event creates an ion-electron pair.
(2) The positive ion is accelerated toward the negatively biased
walls of the hollow cathode and strikes the wall with kinetic energy
commensurate with the applied cathode voltage, ie., several
hundred eVs in this work. (3) The resulting collision is energetic
enough to liberate secondary electrons. (4) The electrons are
repelled from the negatively biased walls, enter the bulk plasma,
and become trapped between the walls.

The events in the hollow cathode continue as follows: (5) As
the electrons oscillate within the hollow cathode cavity, they can

%

©
@@

FIG. 1. Operation of hollow cathode plasma can be described as: (1) an initial ionization event; (2) ion accelerated to cathode wall; (3) ion impacts on cathode wall
produce secondary electrons; (4) secondary electrons are repelled from cathode walls and become trapped in the bulk plasma; (5) electrons oscillating about the axis of
hollow cathode ionize more argon; (6) ionized argon is again accelerated to cathode wall and produces more secondary electrons; (7) positive feedback loop continues
building up electron reservoir in hollow cathode; and (8) electron beam is extracted from the hollow cathode.
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(b)

ionize and excite additional argon atoms before losing most of
their kinetic energy. (6) The newly created ions are again acceler-
ated toward the walls, liberating more secondary electrons during
their collision with the walls. (7) The secondary electrons, as well as
electrons from argon ionization, join the existing electrons in the
hollow cathode body, further ionizing more neutral species. This
process of ionization, acceleration, secondary electron liberation,
electron oscillation, and further ionization continues until reaching
a steady state. (8) When the potential of the hollow cathode plasma
is sufficiently negative relative to the anode bias, an electron
current can be extracted from the hollow cathode plasma.

B. Hollow cathode plasma electron source

Figure 2(a) shows a picture and Fig. 2(b) displays a cross-
sectional view of the HC-PES used in this study. This HC-PES was
based on an earlier HC-PES design developed at the Naval
Research Laboratory.' > The hollow cavity has an inner diameter
of 3.5cm and a length of 6.8 cm. Argon gas flows in at the top of
the hollow cavity. The argon gas flows out an aperture at the
bottom of the hollow cavity. The aperture also allows electrons to
escape from the HC plasma source toward the bias grid. The diam-
eter of the aperture is 1.5 mm.

The geometry is an important aspect of the HC-PES design.'”
In particular, when the aperture area is very small compared with
the interior surface area of the hollow cathode, most of the dis-
charge voltage appears across an ion sheath at the cathode wall.
The corresponding electron flux required for quasineutrality
appears at the anode grid which is positive with respect to the
plasma potential. When the ratio of the effective anode surface area
(A,) to cathode surface area (A.) satisfies (A,/Ac) < (me/m;)'?,
where m, and mj are the electron and ion masses, respectively, the
electrons leave the plasma source through an electron sheath at the
anode, and the electron beam current can ideally be as large as
the discharge current.'””’
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FIG. 2. (a) Picture of assembled HC-PES before installa-
tion on the chamber. (b) Cross section of HC-PES.

Figure 3 displays a schematic of the HC-PES. The HC-PES
operates at an argon gas pressure of approximately 350 mTorr.
This Ar pressure is determined using the Ar gas throughput and
the estimated gas conductances. The wall of the hollow cavity is the
cathode. The cathode is biased at —250 to —350V relative to the
bias grid voltage. The power supply for the HC plasma is refer-
enced to the bias grid, which is biased with respect to the ground.

Electrons extracted from the hollow cathode plasma are then
accelerated by the grid bias. The nonambipolar flow conditions
established by the geometry produce an electron sheath at the
acceleration grid, with a potential that scales with electron tempera-
ture.”” The electron beam energy will be the sum of the electron
sheath potential and bias applied to the grid. The electron sheath
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Argon Plasma _ Electron,
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Secondary \
Anode I \ —‘Ill
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FIG. 3. Schematic of the HC-PES showing the electrical diagram, gas flow and
approximate pressures, plasma in the hollow cathode cavity, and emitted elec-
tron beam.
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potential is not known in this work. Consequently, the beam
energy will be reported as the grid bias. The electron sheath poten-
tial will typically add an additional 20-40eV to the grid bias to
define the electron energy.”’

A coaxial secondary anode inside the HC is incorporated to
switch the electron beam on and off.">*" This coaxial secondary
anode is located on top of the HC-PES as shown in Fig. 2. The
anode is a thin tungsten filament that can be electrically connected
to the bias grid through a MOSFET. When the MOSFET is on, this
connection effectively shunts the electrons in the plasma to the sec-
ondary anode. When the MOSFET is off, the secondary anode
floats to the plasma potential within the cathode and electrons will
flow through the aperture to reach the bias grid.

The plasma power supply is current-limited to restrict the
heating of the hollow cathode. For the majority of the experiments,
the current was limited at 200 mA. The electrons in the emitted
beam must be replenished by the power supply. Consequently, the
current limit on the plasma power supply also regulated the elec-
tron beam current to the sample. Much more current could be
extracted if the hollow cathode was allowed to run at higher tem-
peratures. However, the hollow cathode plasma would be harder to
control at these higher temperatures.

The sample is connected to the chamber ground. The ground-
ing of the sample prevents the sample from building up a potential
that would then deflect incident electrons. The sample current can
be quantified by installing an ammeter between the sample and
ground. This sample current is a direct measure of the electron
current to the sample from the HC-PES. The sample current deter-
mines the time required to desorb ligands from the surface during
EE-ALD.

C. Electron steering optics

Figure 1 shows that ions are accelerated toward the wall of the
hollow cathode. These ions collide with the wall at a kinetic energy
of hundreds of electron volts. These collisions produce secondary
electrons that sustain the plasma. In addition, these collisions also
sputter the walls of the hollow cathode, with a yield that depends
on ion energy. While this sputtered material can be used for thin
film deposition if the sputtered species have line-of-sight to the
substrate,”* the sputtered material will adversely affect the purity of
the films grown by EE-ALD in this study.

In the hollow cathode displayed in Fig. 2, the enclosed nature
of the hollow cathode cavity confines most of the sputtered mate-
rial inside the hollow cathode. However, some of the sputtered
material can leave the hollow cathode cavity through the aperture
where the electron beam exits. In addition, the aperture can be
sputtered by ions in the hollow cathode cavity, where ions hitting
the edge of the aperture can lead to forward scattering of sputtered
species. Sputtering of the edges of the aperture can enlarge the
aperture. This enlargement will eventually affect the pressure differ-
ential across the aperture that is necessary to sustain the plasma.
The pressure differential is important to maintain a lower pressure
in the chamber to provide a long mean free path for the electrons
to reach the sample. To minimize this sputter yield, a sputter resist-
ant material can be chosen for the aperture. Molybdenum, tungsten
and tantalum have fairly low sputtering yields.”" For the hollow
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FIG. 4. Schematic of installed electron optics with (a) two steering coils above
and below bend and (b) one steering coil outside bend. Schematic designates:
(A) collimating coils; (B) steering coil; (C) electron beam with sputtered material
from HC-PES; (D) clean electron beam; (E) sputtered material separated from
electron beam; and (F) sample.

cathode in this study, molybdenum was used as the aperture mate-
rial since molybdenum is relatively easy to machine.

To address the sputter deposition on the sample, electron
optics were developed to steer the electron beam through a bend.
The sputtered neutrals are not affected by the electron steering
optics and do not pass through the bend, thereby eliminating
line-of-sight from the cathode to the sample. Illustrations of the
bending of electrons by magnetic fields defined by electromagnetic
coils are shown in Fig. 4. Any sputtered ions should be attracted to
the negative potential on the cathode wall or bias grid before they
enter the electron steering optics. The magnetic fields used in this
work were not sufficient to steer any possible ion transmission.

The electron steering optics in Fig. 4(a) were composed of a
pair of on-axis collimating electromagnetic coils and a pair of
off-axis steering electromagnetic coils above and below the bend.
A photograph of these collimating and steering electromagnetic
coils is given in Fig. 5(a). The electron beam diverges because elec-
trons repel each other as they travel due to space charge effects.
The on-axis coils collimate and center the electron beam. The mag-
netic field from the collimating coils provides a track for the elec-
trons. The electrons spiral along the field lines, packing more
closely as the magnetic field strength increases in the region of
the coil.

The off-axis steering coils alone should be able to bend the
electron beam and sweep the beam alignment in the plane of
the bend. This sweep of the beam alignment provides precise
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FIG. 5. Picture of installed electron optics with (a) two steering coils above and
below the bend and (b) one steering coil outside the bend. HC-PES is to the
left of the leftmost collimating electromagnetic coil. The main chamber and the
sample are to the right of the rightmost collimating electromagnetic coil.

positioning of the electron beam in the horizontal plane on the
sample stage. However, when combined with the large magnetic
fields from the on-axis electromagnetic coils, the off-axis coils in
Fig. 4(a) were not able to move the electron beam enough to posi-
tion the electron beam on the exact center of the sample stage.

Determining the electron beam center on the sample stage is
difficult when the electron flux is sufficient to remove all ligands
from the saturated surface after precursor adsorption. In this elec-
tron flux limit, the spatial distribution of the deposited film is
uniform. To identify the electron beam center, electron-enhanced
BN chemical vapor deposition (CVD) was employed using bora-
zine as the sole-source precursor." BN EE-CVD does not exhibit
the self-limiting behavior associated with saturation. Consequently,
the spatial deposition of the BN EE-CVD can reveal the electron
beam center.

The updated configuration, shown in Fig. 4(b), was imple-
mented for more precise alignment of the electron beam. This con-
figuration has a single off-axis electromagnetic coil positioned
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outside the bend. This coil effectively pushes the beam around the
bend and steers the electron beam. A photograph of the collimating
and steering electromagnetic coils corresponding to Fig. 4(b) is
given in Fig. 5(b). This configuration results in more accurate posi-
tioning of the electron beam at the center of the sample stage than
the configuration shown in Figs. 4(a) and 5(a).

Several configurations of electromagnetic coils were used for
the different experiments as described in the text. Both configura-
tions shown in Fig. 4 were effective at bending the electron beam
and separating the electron beam from the sputter yield. Prior to
installing the electron steering optics, in situ Auger Electron
Spectroscopy (AES) of samples subjected to electron beam expo-
sures showed an Mo AES signal. In contrast, no Mo AES signals
were observed after the installation of the electron steering optics.

I1l. EXPERIMENTAL FOR Co EE-ALD

Co EE-ALD films were grown in a vacuum apparatus chamber
that has been described previously.”* The main UHV chamber
with a base pressure of 2 x 107° Torr is equipped with a load lock
that allows samples to be introduced without breaking vacuum.
The main chamber also contains an in situ ellipsometer
(Filmsensel) and mass spectrometer (PrismaPlus QMG 220,
Pfeiffer Vacuum). In addition, a picoammeter (Keithley) is attached
to the sample stage to measure the incident electron current. An
analysis chamber containing an in situ AES spectrometer (RBD,
microCMA) is also attached to the main chamber.

The Co EE-ALD films were grown on Si wafer coupons
(Silicon Valley Microelectronics, boron doped). The Si coupons
contained the native oxide on the silicon surface. Prior to the inser-
tion into the vacuum apparatus, the Si coupons were washed in
methanol and acetone and blown dry with ultrahigh purity nitro-
gen. The Si coupons were then loaded into the load lock chamber
following procedures that have been detailed earlier.'

The Co EE-ALD growth was conducted using a pulse
sequence consisting of (1) cobalt tricarbonyl nitrosyl [Co(CO);NO,
CTN] adsorption; (2) pump time; (3) electron beam exposure; and
(4) pump time before the next CTN adsorption. The timing for
this pulsing sequence can be characterized by (t;, t,, t3, ty). The fol-
lowing is representative of the parameters in a typical experiment.
The CTN precursor was kept at 3 Torr behind a micropulse valve.
The valve was actuated for t; =0.5s. The valve opening led to a
transient pressure in the main chamber of =5x 107> Torr.
Pumping was then performed for a total of t, =20s. The electron
exposure was then performed with a grid bias of 140V for t; =25,
with an electron current of >50 mA. The next CTN adsorption was
then conducted after a pump time of t, =20s. The timing for this
pulsing sequence was (0.5, 20, 2, 20). The sum of these steps pro-
duced a reaction cycle time of 43 s.

In situ ellipsometry (Filmsense, FS1) measurements were col-
lected every second throughout the deposition. The in situ ellips-
ometer uses four wavelengths of light. The precision of the in situ
ellipsometry measurements of film thickness is within + 0.03 A. Ex
situ spectroscopic ellipsometry (Model M-2000, J.A. Woollam Co.,
Inc.) was also performed to measure the film thickness and deter-
mine the spatial profile of the deposited film. The data were fit
using a B-spline model in CompleteEase (J.A. Woollam Co., Inc.)
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with n and k values for Co as a starting point. Focusing probes that
reduce the spot size to 0.3-0.4 mm were used for data acquisition.

The technique of in situ lift-out in an FEI Nova 600 Dual
Beam SEM/FIB was used for preparing cross-sectional TEM speci-
mens. The surfaces of the specimens were polished with a low
energy (2keV) Ga ion beam to minimize the damaged layer caused
by focused ion beam (FIB) milling. All HAADE-STEM images and
EDS maps were acquired at 300 kV on a spherical aberration cor-
rected FEI Titan Themis equipped with a Bruker Super-X quad
EDS detector.

IV. RESULTS AND DISCUSSION
A. HC-PES characterization

The HC-PES can produce an electron beam with high currents.
Figure 6 shows the measured sample current versus the HC-PES
power supply current. The power supply current can be turned up
even higher to produce a proportionally larger sample current.
However, these larger power supply currents lead to heating of the
hollow cathode. This heating must be contained because of the
thermal limits of the Viton O-Rings that are used to seal the various
components that define the HC-PES. Constructing an HC-PES
without using temperature sensitive materials is possible. The present
setup with Viton O-Rings allows easy access to the hollow cathode
cavity and replacement of the aperture. Importantly, the electron cur-
rents obtained with the present HC-PES are sufficient for EE-ALD
experiments to be conducted in a timely manner.

Another advantage of the HC-PES is the rapid on/off switch-
ing of the electron beam. Figure 7 shows a comparison between the
HC-PES and an electron flood gun (FRA-2 x 1-2, Kimball-Physics
Inc.) for obtaining full current to the sample. For the HC-PES, the
electron beam can be effectively turned on/off by switching with a
MOSFET that provides access to a secondary anode. When the
MOSFET is on, most of the electrons flow through the secondary
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FIG. 6. Sample current as a function of the power supply current.
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FIG. 7. Comparison of the start-up time of the electron gun and HC-PES.
Electron gun reached full current in >1 min. HS-PES reached full current in
<10 ms.

anode. Figure 7 indicates that only a small number of electrons can
travel through the aperture and reach the sample when the
MOSEET is turned on. This “leakage” current from the HC-PES is
almost three orders of magnitude less than the full electron current
from the electron gun. These low electron currents have a negligible
effect on Co EE-ALD.

Upon turning off the MOSFET, the electron beam can exit the
aperture at the front of the HC-PES and reach the sample. Figure 7
reveals that the electron beam is reestablished in less than the
10 ms time resolution of the ammeter used to make the measure-
ment.”” In contrast, Fig. 7 shows that the electron gun used in pre-
vious work requires several minutes to obtain an electron beam
from the hot filament.

Figure 7 also illustrates the dramatic difference in electron
current from the HC-PES and the electron flood gun. Electron cur-
rents from the HC-PES described in this publication easily reach
100 mA over a 10 cm” area in the steady-state operation. This is a
factor of 3000x more current over an area 10x larger than for the
previous electron flood gun. The factor of 3000x more current over
an area 10x larger is an increase of 300x in the electron flux. The
essentially immediate on/off switching and the 300x increase in the
electron flux lead to a dramatic reduction in cycle time for
EE-ALD.

The chemical insensitivity of the HC-PES is also important in
reducing the EE-ALD cycle time. The hot filament in the electron
flood gun must not be hot when the precursor is present in the
reactor to avoid precursor decomposition on the filament that leads
to CVD. This CVD can lead to corrosion of the filament or change
its work function. These changes can decrease both filament life-
time and the electron emission from the hot filament. To avoid this
CVD, the precursor must be completely removed from the
chamber prior to and after heating the filament.
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Previous EE-ALD experiments using electron flood guns have
reported that the time required for filament warm up, cool down,
pumping, and electron exposure with low electron flux can be as
long as 15 min for just the electron exposure step.'™ In contrast, an
EE-ALD cycle using the HC-PES is essentially as long as the elec-
tron exposure. Electron exposures are usually on the order of 10s.
Long pump or purge times are not necessary because the HC-PES
is chemically insensitive.

B. Co EE-ALD growth characteristics

Co EE-ALD can be performed using sequential exposures of
CTN and electrons." The surface reactions during one cycle of Co
EE-ALD using CTN and electron exposure are given as follows:

Co* 4+ Co(CO);NO(g) — Co-Co(CO);NO*, (1)

Co-Co(CO);NO* 4+ e~ — Co-Co* 4 3CO(g) + NO(g). 2)
The asterisks indicate the surface species. Co EE-ALD films are
grown by repeating the Co EE-ALD cycles. The desorption of CO
and NO during electron exposures has been confirmed earlier
using quadrupole mass spectrometry investigations." The cobalt
thickness versus spatial position after a number of Co EE-ALD
cycles reveals the electron beam on the sample.

A comparison of spatial profiles for Co EE-ALD is shown in
Fig. 8. Figure 8(a) displays the spatial profile of the focused electron
beam from the hot filament electron gun.' The electron gun has a
small spot size of approximately 1cm? The electron flux achieves
saturation of the ESD reaction as revealed by the “flat top” profile
over a small, ~0.25cm? area of the substrate. Additional
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calculations confirmed that the “flat top” profile was a signature of
saturation behavior.'

The electron exposure time required to achieve saturation at
the center of the electron beam spatial profile for the cobalt deposi-
tion shown in Fig. 8(a) during Co EE-ALD was 16 min with the
electron gun." A Co film thickness of ~289 A was measured after
198 EE-ALD cycles with an electron energy of 200 eV." The depen-
dence of the Co EE-ALD growth rate on electron energy was exam-
ined using electrons from the electron gun.' The growth rate was
highest at a lower electron energy of 125eV. For the results in
Fig. 8(a), the incident electron current on the sample was
21 pA. The time for one EE-ALD cycle was 21 min. The total pro-
cessing time was 69.3 h.

In contrast, Fig. 8(b) shows the spatial profile for cobalt depo-
sition after Co EE-ALD using the HC-PES. The constant Co thick-
ness of ~435 A indicates that the electron exposures can provide
saturation exposures over these surface areas of at least 4 cm?’.
There is no “flat top” profile because the film thickness is uniform
over the entire substrate. The HC-PES can deposit a more uniform
Co film thickness over a larger surface area in much less time than
the electron gun. These results were obtained after 156 Co EE-ALD
cycles using a grid bias of 140 V at an electron current of 10 mA.
Given the time for one EE-ALD cycle of 110 s, the total processing
time was 4.8 h. Compared with the electron gun, this performance
with the HC-PES represents an order of magnitude increase in area
in an order of magnitude less time to produce Co films of compa-
rable thickness.

The spatial profile after cobalt deposition shown in Fig. 8(b)
was performed prior to installing the electron steering optics dis-
played in Fig. 5. For this cobalt deposition, the HC-PES had
line-of-sight to the sample, with the electron flux directed along
the surface normal. A single electromagnetic coil was also used to
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FIG. 8. Comparison of (a) three-dimensional spatial profile of the Co EE-ALD film grown using the electron flood gun and (b) two-dimensional spatial profile of the Co

EE-ALD film grown using the HC-PES.
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FIG. 9. In situ real time ellipsometry of Co EE-ALD nucleation on native oxide
on Si coupon. The growth rate at a steady state was 2.4 Alcycle.

collimate the electron beam. The time for one EE-ALD cycle was
110s. During this EE-ALD cycle, 80 s were dedicated to the elec-
tron exposure. The single collimating coil focused fewer electrons
onto the sample. This necessitated the longer electron exposure
time of 80s. In situ AES measurements determined that the Mo
composition in the Co EE-ALD film was 11 at. %. The Mo impuri-
ties were eliminated after the installation of the electron optics.
Other impurities that remained in the film were C, O, and N at 6.0,
22.6, and 6.2 at. %, respectively.
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FIG. 11. /n situ real time ellipsometry of Co EE-ALD on a previously deposited
Co film. The Co film growth shows linearity with EE-ALD cycle time of 22s
using short electron exposures of 1.0 s. The growth rate is 1.3 Alcycle.

Figure 9 shows the initial nucleation of Co EE-ALD on the
native oxide of the Si coupon using the steering optics shown in
Fig. 5(a). The electron current was 72 mA for 1.5s with a grid bias
of 140 V. The pumping time was 20 s before and after each electron
exposure. The total cycle time was 43s. The in situ ellipsometry
measurements observe deposition from the first electron exposure.
The thickness increases with each precursor dose. The measured
thickness is then constant until the electron exposure. The electron
exposure leads to a reduction of the measured thickness.

Time (min)
0 71 14.2 21.2 28.3 354
125 () L L L 1 1
—_ b
cs:—’100- ]
7]
(2]
2
£ 751 1
Q
= 50- ]
3
o) 251 1
©]
O T T T T T
0 10 20 30 40 50

Number of Cycles

FIG. 10. Nucleation of Co EE-ALD using (a) electron flood gun and (b) HC-PES. Co EE-ALD with the electron flood gun had an EE-ALD cycle time of 7 min and a steady-
state growth rate of 1.3 A per cycle after nucleation. Co EE-ALD with HC-PES had an EE-ALD cycle time of 43s and a steady-state growth rate of 2.4 A per cycle after

nucleation.
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FIG. 12. Schematic showing via locations for (a) sidewall scan and (b) bottom
scan.

The Co EE-ALD film nucleates in 4 EE-ALD cycles. The cobalt
film growth is then very constant at 2.4 A/cycle for subsequent
EE-ALD cycles.

To appreciate the significance of these results, Fig. 10 compares
the nucleation of Co EE-ALD using the electron gun and the
HC-PES. The HC-PES obtains much more rapid nucleation of
Co EE-ALD than the electron flood gun. In Fig. 10(a), there is a
delay of approximately 10 cycles before observing any deposition.’
Between 10 and 50 cycles, the deposition occurs and increases
progressively with the number of cycles. The EE-ALD reaches the
steady-state growth after approximately 50 cycles. These results were
obtained with an electron energy of 100 eV and an electron current
of 21 uA with the electrons focused to a Gaussian spatial profile with
a waist of ~2.5mm." The EE-ALD cycle time was 7 min.
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Extended nucleation times similar to the long nucleation
period observed in Fig. 10(a) are typical for metal ALD on metal
oxides.””* For EE-ALD, one possible explanation for the long
nucleation period is that the low electron fluxes from the electron
gun were not adequate to create sufficient active sites on the sub-
strate. Consequently, many EE-ALD cycles were required for
enough nucleation sites to build up on the surface and eventually
lead to linear growth.

In contrast, nucleation is much more rapid during Co
EE-ALD using the HC-PES. Figure 10(b) shows the rapid nucle-
ation of Co EE-ALD. These results are an extension of the results
described above and depicted in Fig. 9. Cobalt deposition is
observed during the first EE-ALD cycle. The Co deposition
increases progressively between the 2nd and 6th EE-ALD cycles.
Subsequently, the Co EE-ALD film proceeds to grow linearly with a
growth rate of 2.4 A/cycle. These results were obtained with a grid
bias of 140V and an electron current of 72 mA for an electron
exposure time of 1.5 s with the electrons illuminating an area of at
least 2 x 2 cm®. The EE-ALD cycle time was 43 s.

The Co EE-ALD film growth with the HC-PES was observed
to be linear over a wide range of electron exposures. The large elec-
tron flux of the HC-PES allows electron exposures to be short and
still achieve growth rates >1 A per EE-ALD cycle. Figure 11 shows
results for the cobalt thickness versus the number of cycles for
shorter electron exposure times of 1s. The growth rate is 1.3 A per
EE-ALD cycle with the electron exposure time of 1s. These results
were obtained with a grid bias of 140 V and an electron current of
65mA with the electrons illuminating an area of at least 4 cm®
using the electron steering optics shown in Fig. 5(a). The EE-ALD
cycle time was 22 s with pumping times of 10s before and after
each electron exposure.

The interpretation of these results in Fig. 11 is that the shorter
electron exposure times of 1s at 65 mA from the HC-PES desorb
fewer ligands from the surface than the longer electron exposure
times of 1.5s at 72 mA. The ligands left behind after the smaller
electron exposure lead to lower precursor adsorption during the
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FIG. 13. (a) TEM image of via showing the location of the sidewall scan and (b) the EDS line scan for Co on the vertical sidewall yielding a Co film thickness of ~5 nm.
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FIG. 14. (a) TEM image of via showing the location of the bottom scan and (b) the EDS line scan for Co on the horizontal bottom yielding a Co film thickness of ~20 nm.

next EE-ALD cycle. The lower precursor adsorption leads to the
lower observed growth rates. The linearity of the EE-ALD growth
can be attributed to the consistency of the electron exposure during
each EE-ALD cycle. As long as the electron desorption is repeat-
able, linear EE-ALD growth is possible with smaller electron
exposures.

One advantage of EE-ALD is the ability to deliver a directed
flux of electrons to the surface. To explore the effect of this directed
flux, the HC-PES was used for Co EE-ALD on patterned substrates.
The pattern consisted of vias with vertical walls, oriented parallel to
the surface normal. The vias were approximately 200 nm wide and
approximately 1000 nm deep. The Co EE-ALD was performed
prior to installing the electron steering optics. The HC-PES was
line-of-sight to the sample with the electron flux along the surface
normal. A single electromagnetic coil was used to collimate the
electron beam.

The Co EE-ALD on patterned substrates was performed with
an expected growth rate of 2.4 A/cycle. The Co EE-ALD was con-
ducted with a grid bias of 140V and an electron exposure of
10 mA for 80's. Based on various in situ AES studies, the Mo com-
position in the Co EE-ALD film could have been as much as 15
at. %. This Mo inclusion coupled with ex situ air oxidation may
account for the large deposition thickness as measured by TEM.

Figure 12 shows a representation of the TEM and energy dis-
persion (EDS) scans on the sidewall and bottom of the via after Co
EE-ALD on the patterned substrates. The actual TEM and EDS line
scans for the sidewall and bottom of the via are displayed in
Figs. 13 and 14, respectively. The boxes in Fig. 12 identify the areas
of the via that are scanned in Figs. 13 and 14.

The topographical area selectivity of the Co EE-ALD is appar-
ent from an examination of the Co line scans in Figs. 13 and 14.
The EDS line scan on the sidewall of the via in Fig. 13(b) reveals that
the Co EE-ALD has a thickness of approximately 5 nm. This thick-
ness is probably larger than the actual thickness because the vias
have a curved surface. Scans across this curved surface detect signal
from the surface area that is not in the same plane as the focused ion
beam cut required for imaging.

In comparison, the EDS line scan on the bottom of the via in
Fig. 14(b) reveals that the Co EE-ALD has a thickness of approxi-
mately 20 nm. In this case, the width of the Co thickness is more
precise because there is no Co EE-ALD beyond the bottom of the
via. A comparison of the =5 nm thickness on the sidewall of the
via and the ~20 nm thickness on the bottom of the via yields a
topographical selectivity of 4:1.

This topographical area selectivity of 4:1 in favor of horizontal
surfaces is expected given the direction of the electron flux. More
of the electron flux oriented along the surface normal is incident
on horizontal surfaces. The vertical sidewalls are parallel to the
electron flux. ESD from the vertical sidewalls will occur resulting
from electron beam misalignment, electron deflection due to charg-
ing, or electron scattering in the vias. This topographical area selec-
tivity may allow Co EE-ALD to achieve bottom-up fill of trenches
and vias.

V. CONCLUSIONS

A HC-PES was built and utilized for EE-ALD. The HC-PES
produced high electron currents >200 mA that could be turned
on/off in <10 ms. These higher electron fluxes and much smaller
purge times facilitated by the chemical robustness of the HC-PES
led to short EE-ALD cycle times. This performance was greatly
improved compared with the electron currents and cycle times
from a previous electron flood gun source. The total process times
using the HC-PES decreased by as much as an order of magnitude
or more compared with the electron gun source. The sputter yield
from the HC-PES was eliminated using electron steering optics
defined by electromagnetic coils.

The higher electron flux from the HC-PES led to very uniform
Co thin films using sequential exposures of Co(CO);NO and low
energy (100-200 eV) electrons. The Co films were uniform over the
entire surface area of ~4 cm?, suggesting that the electron exposures
were sufficient for the ESD of surface species to reach saturation.
The high electron fluxes also led to the rapid nucleation of Co
EE-ALD films on the native oxide on Si coupons. The Co EE-ALD
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films nucleated in as few as four EE-ALD cycles. Steady-state Co
growth rates of >2 A/cycle were observed over the entire surface
area. Shorter electron exposures also led to linear film growth at
slightly lower growth rates.

TEM and EDS was used to analyze Co EE-ALD on high aspect
ratio features. Co EE-ALD on vertical vias with a width of ~200 nm
and a depth of #1000 nm displayed a topographical area selectivity.
There was a 4:1 topographical selectivity in favor of horizontal surfa-
ces. This topographical selectivity was explained by the directional
electron flux incident on the surface normal and parallel to the verti-
cal sidewalls of the vias. This topographical area selective deposition
may be useful for the bottom-up fill of trenches and vias.
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