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ABSTRACT

Ruthenium (Ru) thin films were deposited utilizing electron-enhanced atomic layer deposition (EE-ALD). Sequential exposures of
Ru(DMBD)(CO)3 (DMBD = 2,3-dimethylbutadiene) and low-energy electrons at ∼125 eV were used to grow the Ru films at temperatures
≤160 °C. The electrons were obtained from a hollow cathode plasma electron source that provided an electron current of ∼200 mA over a
surface area of ∼4 cm2. Low-energy electrons can desorb surface ligands derived from Ru(DMBD)(CO)3, such as CO, through electron-stim-
ulated desorption. The desorbed surface ligands leave chemically reactive sites for subsequent Ru(DMBD)(CO)3 precursor absorption. Ru
EE-ALD film growth was monitored utilizing in situ spectroscopic ellipsometry (SE). The electron exposures resulted in rapid Ru film nucle-
ation and growth. Under saturation conditions at 160 °C, the growth rate for Ru EE-ALD was 0.2 Å/cycle. The electron efficiency factor for
Ru EE-ALD was ∼21 500 electrons/deposited Ru atom. There was no film growth without electron exposures. Ru growth was observed on
various substrates including silicon with native oxide and titanium. Ru growth was also obtained on insulating substrates such as 400 nm
thick thermal SiO2 substrates. XPS analysis measured <1 at. % oxygen in the deposited Ru films. XRD, x-ray reflectivity, and SE were used
to characterize the Ru films before and after forming gas anneal (FGA). FGA successfully removed carbon impurities from the as-deposited
Ru films. The resistivity of the Ru EE-ALD films after FGA was determined to be as low as 17 μΩ cm for a film thickness of 6.7 nm. SE mea-
surements of the imaginary part of the pseudodielectric function, 〈ε2〉, were utilized to characterize the as-deposited Ru films and the high
purity Ru films after FGA. The low resistivity of the Ru films after FGA was consistent with a prominent Drude absorption in the hε2i spec-
trum at ≤1 eV. Various reactive background gases such as H2, NH3, and H2O were utilized during EE-ALD to attempt to remove the
carbon from the as-deposited Ru EE-ALD films.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002938

I. INTRODUCTION

Electron-enhanced atomic layer deposition (EE-ALD) can
enable thin film growth of various materials at low temperatures
with precise thickness control. EE-ALD has been demonstrated to
deposit GaN,1 Si,2 BN,3 Co,4,5 and TiN films.6 EE-ALD alternates
sequential exposures of gas-phase reactants and electrons, typically
with electron energies below 125 eV. This process is analogous to
ALD when the electrons are considered a coreactant.7 The low-
energy electrons facilitate film growth through a nonthermal
electron-stimulated desorption (ESD) mechanism.8 ESD of surface

ligands provides open sites for precursor adsorption.9 Alternating
between the gas-phase precursor and electron exposures can yield
atomic layer control of the thin film growth at reduced temperatures.

Si growth using disilane (S2H6) and electrons is a model
EE-ALD system.2 Si has been deposited previously using alternating
exposures of disilane and electrons at low electron energies of
25–200 eV.2 Hydrogen desorption via ESD was proposed as the
critical step during Si EE-ALD. The desorbed hydrogen leaves
silicon dangling bonds on the surface that are available for the dis-
sociative adsorption of disilane. The resulting Si EE-ALD growth
rates were 0.3Å/cycle at room temperature.2
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Many of the previous EE-ALD experiments have been per-
formed using an electron gun as the electron source.1–4 This paper
utilized a hollow cathode plasma electron source (HC-PES) as the
electron source.5 The HC-PES is robust and chemically inert, as
well as able to deliver high electron currents of ∼200 mA over a
∼4 cm2 area. This electron current is ∼1000× higher than previous
currents of ∼200 μA from electron guns.2 The HC-PES can provide
its maximum electron flux with short rise times of less than
10 ms.5 A particular feature of the current work is that the HC-PES
was integrated into a viscous-flow ALD reactor. This viscous-flow
ALD reactor is similar to the reactors employed in previous
thermal ALD experiments.10,11 Including an HC-PES in a viscous-
flow reactor allows thin films to be grown more rapidly than previ-
ous work using an HC-PES in a high vacuum chamber.5

Ruthenium is an emerging material for back-end intercon-
nects. Interest in Ru is growing due to its favorable resistivity
scaling at small feature sizes.12 Ru does not require a diffusion
barrier, such as TiN or TaN, that can consume a considerable
volume in back-end interconnects.12 The thermal ALD of Ru often
involves oxidative coreactants.13–22 These oxidative coreactants can
leave oxygen in the Ru film, and the oxygen can increase the film
resistivity. In addition, the oxidative coreactants can lead to
unwanted oxidation at the contacts of back-end interconnects.

EE-ALD is a promising deposition technique for Ru because
EE-ALD enables film growth without oxidative coreactants.
EE-ALD also provides topographical area selectivity that can enable
the bottom-up fill of high aspect ratio features such as vias.5

Additionally, thermal ALD of Ru has been challenging to nucleate
on oxide surfaces.18,19 Nucleation of Ru films using zero-valent pre-
cursors has proven to be more facile.21,23 EE-ALD can enable rapid
nucleation resulting from the high density of reactive sites created
by ESD.5

This paper explored Ru EE-ALD using sequential exposures of
Ru(DMBD)(CO)3 [(η4-2,3-dimethylbutadiene)(tricarbonyl)ruthe-
nium(0)] and low-energy electrons at ∼125 eV. The paper begins
with an overview of the viscous-flow reactor used for the EE-ALD
experiments. The paper then details the EE-ALD film growth,
monitored by in situ spectroscopic ellipsometry (iSE), on both con-
ducting and insulating substrates. EE-ALD films are further charac-
terized before and after forming gas anneal (FGA) by x-ray
photoelectron spectroscopy (XPS), variable angle spectroscopic
ellipsometry (VASE), four-point probe (4PP), x-ray diffraction
(XRD), atomic force microscopy (AFM), x-ray reflectivity (XRR),
and energy-dispersive x-ray spectroscopy (EDXS) measurements.
Finally, various reactive background gases (RBGs) are explored in
an attempt to remove carbon impurities and tune the film
composition.

II. EXPERIMENTAL PROCEDURE

A. EE-ALD reactor and reactants

EE-ALD experiments were conducted in a V-shaped vacuum
reactor that adapted a previously reported hot-wall, viscous-flow
design.10,11 The V-shape facilitated iSE at a nominal incident angle
of 70°.11 Isothermal heating ensured that the sample was main-
tained at a similar temperature as the hot reactor walls. In addition,
this reactor incorporated an HC-PES that delivered high electron

currents. This apparatus implemented precursor exposures and
purge steps under viscous-flow conditions at higher pressures of
∼1 Torr in combination with electron exposures at lower pressures
of ∼1 mTorr. Figure 1 shows a schematic of this EE-ALD reactor
with HC-PES.

The main reactor body was evacuated with either a rotary
vane pump (Pfeiffer Pascal 2010C1) to a base pressure of
∼1 mTorr or a turbomolecular pump (Pfeiffer HiPace 300P) to a
base pressure of 5 × 10−8 Torr. The turbomolecular pump was
backed by a separate rotary vane pump (Pfeiffer Pascal 2010C1). A
set of valves were used to alternate between the rotary vane pump
for viscous-flow precursor doses and the turbomolecular pump for
electron exposures. A bypass always connected the HC-PES to the
turbomolecular pump to ensure that the pressure remained low
enough to maintain the HC plasma. This arrangement allowed the
HC plasma to be sustained during precursor adsorption.

The chemically robust HC-PES enables a reactive background
gas (RBG) to be included in the EE-ALD process.6 One example of
using an RBG together with the HC-PES is TiN EE-ALD.6 An
RBG can be introduced during the entire EE-ALD process.
Figure 2 shows a temporal schematic of a typical EE-ALD cycle
where an optional RBG (e.g., NH3, H2, O2, or H2O) can be intro-
duced to modify the film composition. The HC-PES can operate
with RBG pressures as high as a few mTorr in the reactor.

Ru(DMBD)(CO)3 from EMD Performance Materials was used
as a zero-valent Ru metalorganic precursor. Ru(DMBD)(CO)3 has
a vapor pressure of 0.5 Torr at 20 °C. Ru(DMBD)(CO)3 was loaded
into a stainless-steel cylinder and left at room temperature.
Ru(DMBD)(CO)3 has been used for thermal Ru ALD with oxida-
tive coreactants at 160–320 °C21,23,24 or with nonoxidative coreac-
tants at 200–210 °C.25 In these Ru EE-ALD experiments, nitrogen
(N2, Airgas, 99.999%) was used as a carrier gas. An N2 flow of
100 SCCM was used during reactant doses and the subsequent
purge steps. Additional Ru EE-ALD experiments used Ru3(CO)12
(Sigma-Aldrich, 99%) as the Ru precursor.

Electrons were derived using an argon (Ar, Airgas 99.999%)
plasma in the HC-PES.5,6 A voltage of −125 V on a bias grid was
used to define the energy of electrons from the HC plasma. The
electron current incident on the substrate and sample holder was
∼200 mA. An accurate measurement of the electron current

FIG. 1. Schematic of V-shaped reactor showing: (a) Windows for iSE;
(b) HC-PES; (c) electron optics; (d) sample stage; (e) gas manifold inlet;
(f ) rough exhaust; and (g) turbomolecular pump.
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required a DC bias of +90 V to pull back the secondary electrons
emitted from the substrate and sample holder.26 The +90 V bias
was applied to the substrate and sample holder using a battery in
series with the current monitor. The DC bias was only used to
measure the electron current and was not applied during Ru
EE-ALD.

The electrons exited through a molybdenum aperture on the
HC.5 Ar gas in the HC plasma at a pressure of ∼350 mTorr also
escaped through this aperture. This Ar flow through the aperture
produced a constant Ar partial pressure of ∼1 mTorr in the
chamber. The HC plasma is also a source of sputtered atoms from
the walls and aperture of the HC. Electromagnetic coils were used
to steer the electron beam to remove this sputtered material from
the electron beam path.5

EE-ALD can be separated into two individual half-
reactions similar to a thermal ALD process.7 Ru EE-ALD using
Ru(DMBD)(CO)3 and electrons can be described as

(A) Ru* þ Ru(DMBD)(CO)3 ! Ru� Ru(CO)*3 þ DMBD , (1)

(B) Ru� Ru(CO)*3 þ e� ! Ru� Ru* þ 3CO: (2)

In these equations, the asterisks denote surface species. Dissociative
desorption of the DMBD ligand during initial precursor exposure
on the Ru surface in step (A) has been proposed based on mass
spectrometry and density functional theory (DFT) calculations.21,27

Studies of CO desorption kinetics from Ru(001) have shown that
CO desorption from the Ru surface is slow at CO coverages <0.33
monolayer (ML), temperatures of ≤160 °C, and timescales used for
the EE-ALD experiments.28–30 The resulting CO-terminated Ru
surface is then exposed to electrons in step (B). The electrons
desorb CO ligands by ESD. The desorption of CO ligands leads to
a return to a Ru surface. The cycle of (A) and (B) reaction steps is
then repeated to grow the Ru film.

The Ru thin film growth during EE-ALD in this study was
compared with thermal ALD that utilized an FHR-ALD-300
reactor at TU Dresden.17,19 The thermal ALD process employed
[(ethyl cyclopentadienyl)(pyrrolyl) ruthenium(II)] (ECPRu) as the

metalorganic precursor and molecular oxygen (O2) as the coreac-
tant at a deposition temperature of ∼275 °C. Previous reports have
detailed this Ru thermal ALD process.15–20

B. Spectroscopic ellipsometry and substrate materials

An M-2000® spectroscopic ellipsometer (J.A. Woollam Co.,
Inc.) was used to monitor EE-ALD film growth in situ, as well as to
characterize EE-ALD films after FGA by VASE. The M-2000® light
source emits a light beam with a known polarization state onto a
sample surface at an angle of incidence, θ. The detector then mea-
sures the polarization of the reflected light beam in terms of an
amplitude ratio, Ψ, and a phase difference, Δ, relative to the inci-
dent light beam. Spectroscopic ellipsometry (SE) measures Ψ and Δ
for multiple wavelengths, λ, in a specific spectral range.31,32

With the fundamental ellipsometry equation, ϱ ¼ tanΨ � eiΔ,
the measured ellipsometric angles, Ψ and Δ, can be converted
mathematically into the complex pseudodielectric response
function,31–33

hεi ¼ hε1i þ i � hε2i ¼ sin2 θ � 1þ tan2θ � 1� ϱ

1þ ϱ

� �2
" #

: (3)

While the pseudodielectric function hεi considers a multilayer
sample in its entirety,34 the dielectric function ε is defined for the
bulk material only. ε is a fundamental macroscopic property that
describes the reaction of a system to an external electric field from
an incident light wave.33 This dielectric response function is also
known as the permittivity because ε describes how much of the
electric field is allowed to pass through a medium.

In its complex version ε, the real part, ε1, represents the
ability of the electric field to polarize a dielectric medium. The
imaginary part, ε2, represents any energy losses in a conducting or
semiconducting medium through electron-photon interactions. For
example, free or bound charges can absorb a photon and transition
to a higher-energy state. The ε1 and ε2 spectra are consistent with
the Kramers–Kronig relationship.31,35

FIG. 2. Processing sequence during
an EE-ALD cycle including the option
of an RBG.
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The h ε2i spectra contain information about the effective elec-
tronic structure of the film-covered surfaces.36 hε2i can be observed
and interpreted based on physics even without optical modeling.16

For example, the electrical resistivity, ρ, of conductive thin films
can be estimated based on the Drude theory.6,35,37 Metal films with
good electrical conductivity, or low ρ, typically exhibit a prominent
Drude term. In contrast, carbide or oxide films with high ρ may
exhibit a much reduced or no Drude term.

During EE-ALD, iSE results were acquired at the end of each
purge step, as shown in Fig. 2. hε2i spectra were calculated accord-
ing to Eq. (3) using the CompleteEASE software version 6.57 (J.A.
Woollam Co., Inc.). Ψ and Δ spectra were further evaluated using
optical modeling in CompleteEASE, as detailed in Sec. III.

Si with native oxide was used as a starting surface for EE-ALD
to simplify the SE data interpretation and modeling. Si with a
400 nm thermal oxide was used for resistivity measurements by
4PP. A SiO2 wafer coupon was also patterned with sputtered tita-
nium (Ti) to demonstrate whether EE-ALD may grow equally on
both insulating and conducting substrates.

III. RESULTS AND DISCUSSION

A. EE-ALD thin film growth and composition

Figure 3 displays the Ru layer thickness versus number of
EE-ALD cycles at 160 °C. The Ru layer thickness was determined
by iSE at the University of Colorado. The reaction sequence was a
5 s Ru(DMBD)(CO)3 exposure, 30 s N2 purge, 10 s electron expo-
sure, and 30 s N2 purge. The Ru film rapidly nucleated on Si with
native oxide and grew linearly over 500 EE-ALD cycles. The
growth rate was 0.20Å/cycle. A Drude–Lorentz model fitted the

iSE results with a mean squared error (MSE) of less than 0.4.
Slightly enhanced nucleation could result from the difficulties mod-
eling ultra-thin metal films. Slightly enhanced nucleation has been
observed in previous EE-ALD experiments.5,6

The deposition temperature of 160 °C was chosen based on
results from a previous study of Ru thermal ALD using
Ru(DMBD)(CO)3 and H2O as the reactants.21 160 °C was the
lowest temperature in the ALD window for this Ru thermal ALD
process.21 This previous study also reported that the DMBD ligand
may desorb during Ru(DMBD)(CO)3 adsorption. DMBD desorp-
tion was believed to be similar to DMBD desorption during
Si(C6H10)2 adsorption on various substrates.38 DMBD desorption
would leave only Ru(CO)3 species on the Ru surface. CO surface
species should be desorbed by ESD based on previous ESD studies
of CO on Ru(001).39

Figure 4 magnifies the first 10 EE-ALD cycles from Fig. 3 with
half-cycle resolution. The Ru layer thickness is plotted after every
Ru(DMBD)(CO)3 and electron exposure indicated by triangle and
square symbols, respectively. Nucleation and growth occurred from the
first cycle. The Ru layer thickness increased after Ru(DMBD)(CO)3
exposures. This thickness gain is consistent with the adsorption of
Ru(DMBD)(CO)3 products on the surface. The Ru layer thickness
remained relatively constant after subsequent electron exposures.
The SE measurements may not be sensitive to the ESD of CO
surface species.

The rapid nucleation of this Ru EE-ALD process has signifi-
cant advantages over the nucleation behavior observed during
thermal Ru ALD. Previous in vacuo XPS and AFM studies of
thermal Ru ALD on hydrogen-terminated silicon, Al2O3, and TiNx

surfaces have revealed a smaller initial growth during the nucle-
ation period.18 There was also a corresponding surface roughness
resulting from the incubation period of ∼20 ALD cycles. The
nucleation regime continued up to 60 ALD cycles before island

FIG. 3. Ruthenium layer thickness vs number of EE-ALD cycles for Ru EE-ALD
on Si with native oxide at 160 °C. Ru film nucleated rapidly and grew without
delay at 0.20Å per cycle. Grid bias was −125 V, and electron current was
∼200 mA. Reaction sequence was Ru(DMBD)(CO)3 exposure for 5 s, purge for
30 s, electron exposure for 10 s, and purge for 30 s. FIG. 4. Magnification of the nucleation regime for Ru EE-ALD in Fig. 3.
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coalescence.18 Other studies of thermal Ru ALD on an insulating
SiO2 surface have revealed an extended incubation period of 40
ALD cycles with virtually no growth. Only minor, isolated RuOx

islands were formed on SiO2 without any continuous Ru film, espe-
cially at lower temperature.19

The Ru EE-ALD growth rate at 160 °C exhibited self-limiting
ALD characteristics at longer Ru(DMBD)(CO)3 and electron expo-
sures. Figure 5 shows the growth rate versus electron exposure time
(square symbols) with the Ru(DMBD)(CO)3 exposure fixed at 5 s.
Figure 5 also displays the growth rate versus Ru(DMBD)(CO)3
exposure time (triangle symbols) with the electron exposure fixed
at 5 s. The two curves did not reach the same saturation value at
longer exposure times because a fixed electron exposure of 5 s was
undersaturated when varying the Ru(DMBD)(CO)3 exposure time.

An electron efficiency factor, χ, can be determined from the
measured electron current and the Ru growth rate per cycle. This
efficiency factor is defined as the number of incident electrons
employed per deposited Ru atom in one EE-ALD cycle. Given an
electron beam current of ∼200 mA, the total number of electrons
incident on the surface during a 10 s dose is ∼1.25 × 1019 e−. For a
Ru growth rate of 0.2 Å/cycle, the number of Ru atoms deposited
in the electron irradiated area of 4 cm2 is 5.815 × 1014 Ru atoms/
cycle, assuming a Ru density of 12.2 g/cm3 and a Ru molar mass of
101.07 g/mol. Consequently, the efficiency factor for Ru EE-ALD
under saturation conditions is χ = 1.25 × 1019 e−/5.185 × 1014 Ru
atoms =∼21 500 e− per Ru atom. There are ∼21 500 electrons inci-
dent on the substrate for every deposited Ru atom.

Higher growth rates for Ru electron-enhanced deposition were
achieved at lower temperatures. Figure 6 shows the film growth at
60 and 110 °C, using a reaction sequence of 5 s Ru(DMBD)(CO)3
exposure, 3 s N2 purge, 10 s electron exposure, and 7 s N2 purge.
At 60 °C with a grid bias voltage of 125 V, the growth rate is

>5Å/cycle in zone (A). No electron beam was incident from the
HC-PES when the grid bias voltage was set to 0 V. As expected for
no electron exposure, no growth was observed in zone (B) at 110 °
C. There is also very little CO desorption from the Ru surface at
CO coverages <0.33 ML at 110 °C during the timescale of the
EE-ALD experiments.28–30 In contrast, with a grid bias voltage of
−125 V, the growth rate is 0.85 Å/cycle at 110 °C in zone (C).

Ru deposition experiments at 60 and 110 °C exhibited higher
growth rates than Ru EE-ALD at 160 °C. These higher growth
rates are attributed to the non-self-limiting adsorption of more
Ru(DMBD)(CO)3 at lower temperatures and the subsequent decom-
position of the Ru(DMBD)(CO)3 adsorbed species during electron
exposures. The resulting Ru films likely contained more carbon
impurities. In addition, Ru films deposited at room temperature
exhibited optical interference patterns indicating a transparent,
nonmetallic film. This temperature dependent behavior is in
marked contrast with the temperature dependence of thermal Ru
ALD using Ru(DMBD)(CO)3 and H2O.

21 Thermal Ru ALD dis-
plays a large reduction in the growth rate for temperatures below
160 °C.21

The composition of the as-deposited EE-ALD films was inves-
tigated with XPS. An Ru EE-ALD film with a thickness of 18 nm
was grown on a Si substrate with native oxide at 160 °C. The reac-
tion sequence was a 5 s Ru(DMBD)(CO)3 exposure, 30 s N2 purge,
10 s electron exposure, and 30 s N2 purge. After EE-ALD, the sub-
strate was removed from the reactor and transferred to the XPS
instrument. Figure 7 shows the XPS spectra for a surface scan, as
well as after sputtering 3 and 6 nm into the Ru EE-ALD film.
Oxygen is observed on the Ru surface due to native oxide forma-
tion during sample transfer through ambient air. However, after

FIG. 5. Self-limiting characteristics of Ru EE-ALD. Ru precursor dose was
varied with electron exposures fixed at 5 s. Electron dose was varied with
Ru(DMBD)(CO)3 exposures fixed at 5 s.

FIG. 6. Ruthenium layer thickness vs number of EE-ALD cycles for Ru EE-ALD
at various temperatures and grid bias voltages. Reaction sequence was
Ru(DMBD)(CO)3 exposure for 5 s, purge for 3 s, electron exposure for 10 s, and
purge for 7 s: (a) Growth rate of >5 Å/cycle at 60°C with a −125V grid bias; (b)
no growth at 110 °C and 0 V grid bias; and (c) growth rate of 0.85 Å/cycle at
110 °C and −125 V grid bias.
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sputtering 3 and 6 nm into the film, the oxygen content drops to
1.4 and 0.3 at. %, respectively. These XPS results reveal that the Ru
EE-ALD process results in very low oxygen impurities.

In contrast, carbon impurities may be produced during this
Ru EE-ALD process. Carbon is difficult to quantify with XPS due
to a peak overlap of Ru 3d and C 1s peaks at ∼284 eV. However,
peak fitting estimations indicated that the as-deposited Ru EE-ALD
films could incorporate as much as ∼40 at. % C. This carbon could
result from DMBD that did not desorb from the Ru surface during
Ru(DMBD)(CO)3 adsorption. Electrons could then decompose the
DMBD to leave carbon on the surface. Alternatively, the electrons
may not desorb all the adsorbed CO by ESD. Electron dissociation
of adsorbed CO could also yield carbon on the surface. However,
the low oxygen concentration in the film argues against electron
dissociation of CO. Previous experiments for Co EE-ALD using
Co(CO)3NO and electron exposures also deposited Co films with
negligible carbon, suggesting no CO electron dissociation.4

To test for the electron dissociation of CO, Ru EE-ALD exper-
iments were also conducted using triruthenium dodecacarbonyl
[Ru3(CO)12] as the Ru precursor. The Ru EE-ALD experiments
with the Ru3(CO)12 precursor were performed using the same pro-
cedures as the Ru(DMBD)(CO)3 precursor. The only difference
was that the Ru3(CO)12 precursor was transported into the reaction
chamber using a CO carrier gas. As-deposited Ru films grown
using Ru3(CO)12 at room temperature and 100 °C exhibited no
Drude term as measured by spectroscopic ellipsometry. In addition,
there was no crystallinity measured for the as-deposited Ru films.
These results suggest that even in the absence of the DMBD ligand
using Ru3(CO)12, the electrons can dissociate CO and lead to
carbon incorporation in the as-deposited Ru films.

B. Forming gas anneal of Ru EE-ALD films

Postdeposition annealing can improve the purity and lower the
resistivity, ρ, of Ru EE-ALD thin films.24 A postdeposition forming
gas anneal (FGA) consisting of 5% H2 in 95% N2 at atmospheric

pressure was performed at 450 °C for 30min. These experiments
were conducted at the University of California San Diego. This FGA
significantly affected the as-deposited Ru EE-ALD films.

Figure 8(a) shows the iSE results in the near-infrared (NIR),
visible (VIS), and ultraviolet (UV) spectral ranges acquired before
and during EE-ALD. This Ru EE-ALD film was grown at 160 °C
using a reaction sequence of 5 s Ru(DMBD)(CO)3 exposure, 30 s
N2 purge, 10 s electron exposure, and 30 s N2 purge. The starting
surface was single-crystalline silicon (Si) with native oxide after pre-
heating for 30 min. Figure 8(a) plots the hε2i spectrum of this
starting surface (thick solid blue line). The transparent NIR region
and optical band gap at �3 eV indicate a semiconducting medium.
The characteristic absorption bands at photon energies around
3:4 and 4:2 eV correspond to direct interband transitions of bound
charges from the valence to conduction sub-bands in
silicon.16,36,40,41

Figure 8(a) then illustrates how the hε2i spectra evolved
during 1000 Ru EE-ALD cycles. Thin dashed lines are shown for

FIG. 7. XPS scans at the surface and after sputtering 3 and 6 nm into an as-
deposited EE-ALD film grown at 160 °C. Reaction sequence was Ru(DMBD)(CO)3
exposure for 5 s, purge for 30 s, electron exposure for 10 s, and purge for 30 s.
Negligible oxygen content was revealed in the bulk of Ru EE-ALD films.

FIG. 8. (a) Measured imaginary part of pseudodielectric function, ⟨ε2⟩, vs
photon energy during 1000 Ru EE-ALD cycles at 160�C. ⟨ε2⟩ spectra started
from Si with native oxide (thick solid blue line) and evolved with number of
EE-ALD cycles. No Drude term was observed during Ru EE-ALD growth. Drude
absorption is clearly identified at photon energies below 1 eV after FGA (thick
solid red line). (b) Ru bulk model for the Ru EE-ALD film after FGA parameter-
ized with one Drude and three Lorentz oscillators.
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100, 200, 300, 400, 500, and 1000 EE-ALD cycles. The
Si-characteristic features around 3:4 and 4:2 eV continuously
decrease as the growing thin film covers the surface. Meanwhile,
new spectral features emerge between 1 and 3 eV. This weak VIS
absorption may correspond to electron transitions between the
d-bands of Ru.42 However, no significant Drude absorption
appeared in the NIR region below 1 eV.

The absence of Drude absorption suggested the lack of free
charges and the growth of a thin film with low electrical conductiv-
ity. This behavior was consistent with the estimated high carbon
content of ∼40 at. % for the as-deposited EE-ALD film. Carbon
contaminants originating from the DMBD or carbonyl ligands may
lower the number of conduction electrons available to absorb low-
energy photons. An amorphous film would also reduce the mean
free path or scattering time, τ, of available electrons.

Figure 8(a) further includes the hε2i spectrum of a Ru
EE-ALD thin film on Si with native oxide after FGA, measured by
VASE (thick solid red line). The annealed film displayed a pro-
nounced transformation: a prominent NIR absorption band
emerged at photon energies below 1 eV, signifying an electrically
conductive medium. This Drude term corresponds to intraband
transitions of free charges as the electron gas of a metal absorbs
low-energy photons.

Figure 8(b) plots the optical model according to the VASE
results, parameterizing the bulk properties of the Ru layer with one
Drude oscillator and three Lorentz oscillators. The following equa-
tion describes the shape of the Drude oscillator,35,37

ε(E) ¼ ��h2

ε0 ρ (τ � E2 þ i �h E)
: (4)

The formation of a prominent Drude absorption indicates
that the FGA produces an electrically conductive Ru film. The
parameters of the Drude oscillator confirmed a low ρ of
�29 μΩ � cm. A relatively long τ of �3 fs suggested rather large
crystallites. Strong VIS absorption bands, i.e., Lorentz oscillators,
emerged between 1 and 3 eV, corresponding to interband transi-
tions of bound charges between the d-bands of metallic Ru.16,42

These observations imply that the FGA removed carbon impurities
from the as-deposited Ru EE-ALD film. The individual Drude and
Lorentz oscillators in Fig. 8(b) agree well with reported experiment
and theory for the Ru bulk.42

The spectra of the Ru EE-ALD film after FGA in Fig. 8 also
nearly replicated previous results for thermal Ru ALD.16 Figure 9
shows the iSE results in the NIR-VIS-UV spectral ranges acquired
before and during 150 cycles of thermal Ru ALD. The starting
surface was a Si single crystal after native oxide removal (thick solid
blue line). The ε2 spectrum of this starting surface exhibited a
transparent NIR region, optical band gap around 3 eV, and absorp-
tion bands around 3:4 and 4:2 eV, all characteristics of the semi-
conductor Si.16,36,40,41 The hε2i spectra then evolved with the
number of thermal Ru ALD cycles (thin solid lines).

With a thermal Ru ALD thin film covering the surface, spec-
tral features emerged in the NIR and VIS regions. The formation of
a prominent Drude absorption with a low ρ of �37 μΩ � cm and τ
of �2 fs indicates the growth of an electrically conductive,

nanocrystalline Ru film. The VIS absorption bands between
1 and 3 eV again correspond to electron transitions between the
d-bands of metallic Ru.42 The spectrum from the Ru bulk model is
also shown for comparison (thick solid red line). The nominal Ru
film thickness was 129 Å after 150 thermal ALD cycles, similar to a
previous report.17 4PP measured a sheet resistance of 19Ω/□, con-
sistent with a low ρ around 24:6 μΩ cm.

The resistivity of the Ru EE-ALD films was also determined
using 4PP (Signatone) measurements. These 4PP measurements
require an accurate film thickness to obtain film resistivity. XRR
was used to measure the thickness of Ru EE-ALD films deposited
on a 400 nm thermal SiO2 film after FGA. Figure 10(a) displays the
XRR scan that obtains a Ru thickness of 6.67 nm for the Ru
EE-ALD film after FGA. The thickness determined from XRR mea-
surements was then verified with an AFM line scan. Figure 10(b)
shows the AFM line scan that confirms the Ru thickness of
6.86 nm. A set of 10 line scans measured by AFM determines the
Ru thickness to be 6.8 ± 0.1 nm.

The XRR thickness was then used in conjunction with the
measured sheet resistance to calculate the film resistivity. 4PP was
measured near the center of the sample to reduce edge effects. The
sheet resistance determined by 4PP was 25.49Ω/□. The calculated
resistivity for the 6.67 nm Ru film was 17.0 μΩ cm after FGA. This
resistivity is consistent with high purity, annealed sputtered Ru
films on SiO2.

21

The density of the Ru films was also measured with XRR. The
density before FGA was 8.41 g/cm3. This density is 68.9% of the
bulk Ru density of 12.2 g/cm3. In contrast, the density after FGA
was 10.99 g/cm3. This density is 90.1% of the bulk Ru density. This
large density increase is consistent with FGA removing carbon
impurities from the as-deposited Ru films. Dense, high purity, and
crystalline Ru films are critical to achieving low resistivity.

The effect of the FGA is also evident in the structure of the Ru
EE-ALD films. Figure 11 shows the XRD spectra for a Ru EE-ALD

FIG. 9. hε2i vs photon energy during 150 cycles of thermal Ru ALD using
ECPRu and O2 at � 275 �C. hε2i spectra started from HF-dipped Si (thick
solid blue line) and evolved with number of thermal ALD cycles toward a bulk
model of metallic Ru (thick solid red line).
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film before and after the FGA. Before FGA, Fig. 11(a) revealed no
distinguishable peaks in the XRD spectrum, indicating that the film
was amorphous. After FGA, Fig. 11(b) revealed diffraction patterns
in the XRD spectrum that matched with crystalline metallic Ru. This
crystalline Ru film was consistent with removing carbon impurities
and a higher purity Ru film with much higher conductivity.

In addition to crystallizing the as-deposited Ru EE-ALD film,
the FGA also caused substantial changes to the surface morphology
of the Ru EE-ALD films. There was a distinct change in surface
roughness measured by AFM before and after the FGA, as shown in
Figs. 12(a) and 12(b), respectively. Before FGA, the Ru EE-ALD film
was smooth and continuous with an RMS roughness of 0.51 nm.
After FGA, the RMS roughness increased to 3.4 nm. The increase in
the RMS roughness after FGA is attributed to the crystallization of
the Ru film and volume reduction due to carbon removal.

C. Ru EE-ALD films on insulating SiO2 substrates

Ru EE-ALD films grown on insulating SiO2 substrates are
needed for resistivity measurements. To demonstrate that Ru

FIG. 12. AFM of Ru EE-ALD film: (a) As-deposited Ru EE-ALD film before
FGA; and (b) as-deposited Ru EE-ALD film after FGA. RMS surface roughness
increases from 0.51 nm for the as-deposited Ru EE-ALD film to 3.4 nm after
FGA.

FIG. 11. XRD of the Ru EE-ALD film on Si with native oxide: (a) As-deposited
Ru EE-ALD film before FGA; and (b) as-deposited Ru EE-ALD film after FGA.
As-deposited Ru EE-ALD film displayed no crystallinity. Ru EE-ALD film was
crystalline after FGA.

FIG. 10. (a) XRR scan of the Ru EE-ALD film after FGA. Modeling was consis-
tent with a film thickness of 6.67 nm. (b) AFM line scan of Ru EE-ALD film after
FGA. Step height yielded a film thickness of 6.86 nm.
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EE-ALD can grow on both conductive and insulating substrates, a
patterned substrate was created by sputtering a Ti film with a thick-
ness of 35 nm onto a thermal SiO2 film with a thickness of 400 nm
using a shadow mask. The resulting substrate had regions of Ti and
regions of SiO2 on the surface. A Ru EE-ALD film was then grown
on this patterned substrate. Based on the previous Ru EE-ALD
experiments on conducting samples, this Ru EE-ALD film should
have a thickness of 80 nm.

The deposited film was then examined using EDXS with a
beam energy of 15 keV. Figure 13 shows elemental maps for Ti, O,
Si, and Ru. Figure 13(a) clearly shows the Ti signal on the left-hand
side of the sample. Figure 13(b) shows the O signal from the SiO2

on the right-hand side of the sample. Figure 13(c) displays the Si
signal that is more intense on the right-hand side because Ti is not
covering the SiO2 substrate. In contrast, no boundary is visible for
the Ru signal shown in Fig. 13(d). This behavior argues that the Ru
EE-ALD film grew on both the conductive Ti region and the insu-
lating SiO2 region of the substrate.

Ru EE-ALD on insulating SiO2 substrates may be unexpected
because the primary electron current could charge the SiO2 sub-
strate negatively. This negative charge would then establish a nega-
tive voltage that would repel additional electron current and
prevent EE-ALD. However, if the secondary electron yield from the
SiO2 insulating substrate is greater than unity, the SiO2 sample
would emit more secondary electrons than impinge on the SiO2

sample from the primary electron beam. These primary and sec-
ondary electron fluxes would lead to a positive charge on the insu-
lating SiO2 sample surface.43

The positive charge on the insulating SiO2 substrate would
create a positive voltage that would pull back secondary elec-
trons.43,44 The SiO2 substrate would charge to a positive voltage
where the number of secondary electrons having enough energy to
escape would equal the number of incident primary electrons.43

Under these conditions, the EE-ALD could proceed without com-
plication. Only the primary incident electron energy may be
increased slightly, resulting from the positive voltage on the SiO2

substrate.44 Measurements for SiO2 reveal that the secondary elec-
tron yield is greater than 1 for primary electron energies from
∼100 to 1000 eV.45,46 Secondary electron yields greater than unity
allow EE-ALD to be performed on SiO2 and other insulating sub-
strates. Recent experiments for SiO2 EE-ALD using Si2H6, O3, or
H2O oxygen reactants, and electron exposures are also consistent
with EE-ALD on insulating substrates.47

D. Ru EE-ALD with reactive background gas

High amounts of carbon impurities were observed in the
as-deposited Ru EE-ALD films. No Drude term was observed
during the Ru EE-ALD film growth using in situ spectroscopic
ellipsometry measurements. The as-deposited films also did not
display any crystallinity. XPS peak fitting estimated the C content
of the as-deposited films to be as high as 40%. The presence of C
impurities is also a common observation in the field of focused
electron beam induced deposition (FEBID).48 Design of precursors
for FEBID is critical to achieve high quality metal deposits.49

Recent experiments have demonstrated that reactive back-
ground gas (RBG) may be a solution to remove impurities and
tune film composition during EE-ALD.6 EE-ALD with RBG is a
new possibility enabled by the HC-PES.6 An RBG at pressures up
to ∼1 mTorr can be present during the EE-ALD process using the
HC-PES as the electron source.6 The RBG does not extinguish the
HC-PES and does not significantly lower the electron mean free
path. With RBG, a wide range of new potential applications for
EE-ALD emerge, including reducing oxides, removing carbon
impurities, nitridation, oxidation, and carbonization.

This study explored Ru EE-ALD with H2, NH3, and H2O
RBGs. These RBGs were selected to try to remove the carbon impu-
rities from the Ru EE-ALD film. hε2i spectra from iSE were used as
an in situ probe to determine the quality of the Ru films deposited
with RBG. In particular, the appearance of the Drude peak at
<1 eV could assess whether the as-deposited Ru EE-ALD had low
resistivity. The goal was to deposit high-conductivity Ru films
without requiring FGA.

An electron energy of 125 eV was utilized because electron
energies of 75–125 eV generally have high electron impact dissocia-
tion or ionization cross sections. At these electron energies, electron
impact should generate radical species by dissociating the RBG.6

An H2 RBG should yield H atoms by electron impact dissociation.
The H atoms could then remove C impurities from the film as
CH4. The H atoms could also reduce surface oxides by forming
H2O.

Ru EE-ALD films were grown at 160° C using an H2 RBG.
The H2 (Airgas, 99.999%) gas flow into the reactor was 0.8 SCCM.
The H2 flow was present only during the electron exposure. The H2

partial pressure during the electron exposure with H2 RBG was

FIG. 13. EDX elemental maps of the Ru EE-ALD film on the Ti(left-hand side)/
SiO2(right-hand side) patterned substrate: (a) Ti; (b) O; (c) Si; and (d) Ru. No
boundary is observed for the Ru EDXS signal between Ti(left-hand side) and
SiO2 (right-hand side) regions in (d).
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2 mTorr. The number of H2 gas molecules either dissociated or
ionized by the electron exposure can be estimated based on the
cross section for H2 electron impact dissociation or ionization and
the electron current traveling through the H2 gas in the volume
above the sample.

Electrons can dissociate H2 into neutral H atoms according to
H2→H+H. The cross section for dissociation, σd, into neutral H
atoms has been measured at electron energies <100 eV. Based on
extrapolation from the existing results, σd∼ 0.1 × 10−16 cm2 is esti-
mated at 125 eV.50 Electrons can also ionize H2 according to
H2→H+ +H. The cross section for ionization to produce H+ + H
is σi,H

+ ∼ 0.08 × 10−16 cm2 at 125 eV.50 In addition, the electrons
impacting the Ru surface will also produce secondary electrons.
The energy of these secondary electrons have a peak at 3–4 eV and
a tail stretching out to ∼40 eV.51 This tail of the secondary electron

yield could dissociate H2 because the peak of the H2 dissociation
cross section is σd∼ 0.8 × 10−16 cm2 at 15–20 eV.50,52,53

The Ru EE-ALD film was observed to grow linearly versus
EE-ALD cycles with an H2 RBG. Figure 14(a) shows a linear
growth rate of 0.15 Å/cycle during 475 EE-ALD cycles. These
results are very similar to the results shown in Fig. 3. Figure 14(b)
displays the iSE results during the Ru EE-ALD film growth with
H2 RBG shown in Fig. 14(a). Thin dashed lines are shown for 79,
158, 238, 317, 396, and 475 EE-ALD cycles. Unfortunately, no
Drude term was observed in Fig. 14(b) during Ru EE-ALD. This
result may indicate that the H atoms could not clean the carbon
impurities from the as-deposited Ru EE-ALD film. Perhaps the H
atom flux was insufficient to remove the carbon impurities. Ru
EE-ALD films deposited with the H2 RBG were successfully
annealed using FGA to remove C impurities and improve the film
conductivity.

NH3 and H2O were also investigated as RBGs during Ru
EE-ALD. NH3 can provide a flux of NH2 radicals and H atoms on
the surface. H2O can provide a flux of OH radicals and H atoms on
the surface. However, no Drude terms were observed in the iSE
results after Ru EE-ALD with NH3 or H2O RBGs. These results
indicate that the carbon in the Ru film is not easily removed by the
flux of radical species from NH3 or H2O dissociation.

IV. CONCLUSIONS

Ru EE-ALD was performed using alternating Ru(DMBD)(CO)3
and electron exposures. A new EE-ALD reactor was constructed
by integrating an HC-PES into a hot-wall viscous-flow ALD
reactor. Ru films grown with EE-ALD at 160 °C were demonstrated
to nucleate rapidly and grow linearly on Si with native oxide. The
growth rate for Ru EE-ALD was 0.2 Å/cycle under saturating condi-
tions. Comparing Ru EE-ALD growth on a patterned Ti/ SiO2

surface indicated identical growth on both conductive and insulat-
ing substrates. Secondary electron emission that maintains a
charge-neutral surface during electron exposures is believed to
enable EE-ALD on insulating surfaces.

FGA effectively removed carbon impurities from the Ru
EE-ALD film and improved the film resistivity. The Ru thickness
of 6:8þ=� 0:1 nm after FGA was measured with XRR and con-
firmed with an AFM line scan. Ru resistivity calculated from the
measured thickness and sheet resistance was 17.0 μΩ cm. This low
resistivity is consistent with annealed sputtered Ru films of similar
thickness. XRD also observed crystalline Ru after FGA. In addition,
the increase in the surface roughness after FGA was attributed to a
crystallized Ru film.

SE was used to monitor the thin film growth during EE-ALD.
When hε2i spectra reveal an absorption of low-energy photons,
this Drude term is directly proportional to the number of free elec-
trons of a conductive medium. For the Ru EE-ALD films, the
Drude term was apparent only after FGA. This behavior indicates
that the FGA effectively removed carbon impurities and created a
high-conductivity metallic Ru film.

Various RBGs were explored during the EE-ALD process in
an attempt to remove the carbon impurities without performing
the FGA. Ru EE-ALD was conducted in the presence of H2, NH3,
and H2O RBGs. Unfortunately, iSE measurements during Ru

FIG. 14. (a) Ruthenium layer thickness vs number of Ru EE-ALD cycles with
H2 RBG on Si with native oxide at 160 °C. Grid bias was −125 V, and electron
current was 200 mA. Ru layer thickness immediately nucleated and grew with
number of EE-ALD cycles at 0.15Å per cycle during 475 EE-ALD cycles.
(b) hε2i vs photon energy during Ru EE-ALD with H2 RBG as shown in (a). No
Drude term was observed at low photon energies indicating that H2 RBG did
not sufficiently remove carbon impurities.
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EE-ALD with H2, NH3, and H2O RBGs did not reveal any Drude
term. These results indicated that the RBG could not easily remove
the carbon impurities from the Ru EE-ALD films.
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