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ABSTRACT: Electron-enhanced atomic layer deposition (EE-
ALD) and electron-enhanced chemical vapor deposition (EE-
CVD) can be employed for the low temperature deposition of thin
films using volatile precursors with various reactive background
gases (RBGs). EE-CVD expands on the previous demonstration of
TiN EE-ALD using alternating Ti(N(CH3)2)4 (tetrakisdimethyla-
mino titanium (TDMAT)) and electron beam exposures with NH3
RBG. During EE-CVD, the electron beam and the RBG are present
continuously. Together with the RBG and electron beam incident
on the surface, the volatile precursor is pulsed into the vacuum
chamber to control the film growth. In this survey, the metal or
metalloid precursors were TDMAT, Si2H6, and W(CO)6. The RBGs were O2, NH3, CH4, and H2. The study focused on TiO2 EE-
ALD and SiN, SiO2, SiCx, SiHx, W2N, WOx, and WCx EE-CVD. Thin film growth was monitored using in situ 4-wavelength
ellipsometry. To first illustrate EE-ALD, TiO2 EE-ALD was performed at T < 80 °C using alternating TDMAT and electron beam
exposures together with O2 RBG. The growth rate for the TiO2 EE-ALD was ∼0.7 Å/cycle. The TiO2 EE-ALD films were nearly
stoichiometric, displayed crystallinity, and were smooth as measured by atomic force microscopy (AFM). Other Ti-containing EE-
ALD films were deposited using CH4 and H2 RBGs. Subsequently, to demonstrate EE-CVD, SiCx EE-CVD was performed at T <
100 °C using repeating Si2H6 pulses with continuous electron beam and CH4 RBG exposures. XPS revealed a 1:1 Si/C stoichiometry
for a CH4 RBG pressure of 0.45 mTorr and C-rich films for higher CH4 RBG pressures. The SiC EE-CVD growth rate was ∼0.4 Å
per Si2H6 pulse. The stoichiometric SiC EE-CVD films were smooth as measured by AFM. Other Si-containing EE-CVD films that
were deposited included SiO2, SiN and SiHx. In addition, W2N was deposited with EE-CVD at T < 120 °C using repeating W(CO)6
pulses with continuous electron beam and NH3 RBG exposures. The W2N EE-CVD growth rate was ∼0.17 Å per W(CO)6 pulse.
The W2N films had a resistivity of ∼450 μΩ cm. The W2N EE-CVD films also displayed crystallinity and high purity. Other W-
containing EE-CVD films that were deposited included WOx and WCx. This survey shows that the EE-ALD technique can be
extended to EE-CVD with various RBGs to deposit a broad range of materials at low temperatures including oxides, nitrides and
carbides.

1. INTRODUCTION

Low energy electrons can deposit films of semiconductors,
metals, and dielectrics by electron-enhanced atomic layer
deposition (EE-ALD) at low temperatures. EE-ALD has been
previously used to deposit GaN, Si, BN, Co, Ru, and SiO2 films
in a high vacuum environment.1−7 EE-ALD employs
alternating exposures of precursors and low energy electrons
at ≤100−150 eV to deposit thin films as shown in Figure 1a.
EE-ALD is a nonthermal process and can deposit materials at
temperatures <100 °C. During EE-ALD, the precursor adsorbs
on the substrate. Subsequent electron exposure leads to a loss
of ligands from the adsorbed precursor through electron
stimulated desorption (ESD).8 The desorbed ligands leave
behind open sites that are then available for further precursor
adsorption. Repeating the alternating precursor doses and
electron exposures yields EE-ALD growth.

The deposition of Si from disilane (Si2H6) can be
considered a model system for EE-ALD.4 Silicon was deposited
at room temperature using sequential surface reactions with
Si2H6 and low energy electrons as the reactants.4 In
comparison, silicon growth by thermal ALD requires temper-
atures of 775−890 °C using SiH2Cl2 + H2,

9 or temperatures of
540−650 °C using SiH2Cl2 + H atoms.10 The proposed
mechanism for Si EE-ALD was dissociative adsorption of Si2H6
on the surface and then the removal of hydrogen by ESD using
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low energy electrons. The removal of hydrogen from the
surface leaves behind dangling bonds on the silicon surface.
These dangling bonds are then available for subsequent Si2H6
adsorption. Silicon growth rates were determined to be 0.3 Å/
cycle at room temperature and an electron energy of 100 eV.4
Calculations showed that this growth rate agreed well with the
predicted growth rate based on the dissociative adsorption of
Si2H6 on the dangling bonds of a Si surface.4
There are some similarities between EE-ALD and focused

electron beam induced deposition (FEBID) techniques.11 EE-
ALD uses sequential exposures of precursors and electrons to
deposit thin films with atomic layer control over large surface
areas >10 cm2.1 In contrast, FEBID uses a continuous focused
electron beam in the presence of a precursor to produce the
deposition.11 The main goal of FEBID is to form nanostructure
features using a direct-write approach.11 The deposition
thickness during FEBID is controlled by the processing time.
The energies employed for EE-ALD and FEBID are also very
different. EE-ALD uses low energy electrons in the range of
100−150 eV where the inelastic electron mean free path is at a
minimum at ∼5−7 Å and the electrons interact primarily with
the surface. FEBID uses electrons at higher energies around 1−
50 keV where the electron beams can be focused to minimum
spot sizes.11 However, the actual chemistry induced by FEBID
is thought to occur by secondary electrons at much lower
electron energies.12
Both EE-ALD and FEBID can have problems with the purity

of the deposition. The impurities during FEBID result from the
fragmentation of the FEBID precursors during electron
bombardment.13−16 Postdeposition cleaning with electron
beams and reactive gases after FEBID is one method to
improve purity.17−19 Some studies have also introduced
background gases during FEBID to obtain higher purity
films.20−22 The introduction of a reactive background gas
(RBG) during EE-ALD was also recently shown to enhance
film purity and favorably modify film composition during EE-
ALD.23
The presence of both the RBG and electron beam during

EE-ALD is possible because of the chemical insensitivity and

large operating pressure range of the hollow cathode plasma
electron source (HC-PES).1 During TiN EE-ALD, alternating
TDMAT and low energy electrons deposited an impure
TiCxNy film.23 In contrast, the introduction of an NH3 RBG
during the entire TiN EE-ALD cycle led to the deposition of
highly pure, low resistivity, crystalline TiN film.23 The
interaction of NH3 and low energy electrons was believed to
create reactive •NH2 and •H radicals that removed C and O
impurities by creating volatile CH4, CH3NH2, NOx, or H2O
products.
The current work continues the focus on introducing the

RBG together with the electron exposures to deposit thin
films.23 The metal or metalloid precursor is also pulsed during
the continuous electron and RBG exposures. This procedure
defines electron-enhanced chemical vapor deposition (EE-
CVD) with a RBG illustrated in Figure 1b. EE-CVD shifts the
role of the low energy electrons from an intermittently dosed
reactant in EE-ALD to the role of a continuously dosed
reactant in EE-CVD. EE-CVD is not a self-limiting process.
However, deposition times can be much faster for EE-CVD
than for EE-ALD. There also may be synergies that lead to
improved properties of the EE-CVD films.
This paper explores EE-ALD and EE-CVD with RBGs.

Titanium-, silicon- and tungsten-containing films are deposited
using TDMAT, Si2H6, and W(CO)6 precursors, respectively.
These films are grown as oxides, nitrides and carbides using
O2, NH3 and CH4 RBGs, respectively. Silicon films are also
deposited using Si2H6 with a H2 RBG. The results illustrate the
broad range of materials that can be grown by EE-ALD and
EE-CVD at low temperatures using simple metal or metalloid
precursors together with various RBGs.

2. EXPERIMENTAL SECTION

2.1. Vacuum Chamber and Accessories. The EE-ALD and EE-
CVD films were grown in a vacuum apparatus that has been described
previously.1−5,23 The main vacuum chamber was pumped by a
turbomolecular pump. This turbomolecular pump has a pumping
speed of 245 L/s for Ar (HiPace 300 P, Pfeiffer Vacuum Technology
AG). This turbomolecular pump was also backed by a smaller
turbomolecular pump operating at a pumping speed of 67 L/s for Ar
(HiPace 80, Pfeiffer Vacuum Technology AG). This smaller
turbomolecular pump was backed by a rotary vane pump (Pascal
2010 SD 10 m3/h, Pfeiffer Vacuum Technology AG). Additionally,
the main vacuum chamber can be pumped by an ion pump (TiTan
100L Variable Element, 100 L/s, Gamma Vacuum). A valve can
separate this ion pump from the main chamber. The main vacuum
chamber had a base pressure of 2 × 10−9 Torr using both the ion and
turbomolecular pumps.

The chamber was equipped with a load lock that allowed samples
to be introduced without breaking vacuum. The main chamber also
contained a 4-wavelength in situ ellipsometer (Filmsense1) and mass
spectrometer (PrismaPlus QMG 220, Pfeiffer Vacuum). The chamber
was also equipped with a cold cathode gauge (MKS) to measure
pressure. In addition, a picoammeter (Keithley) was attached to the
sample stage to measure the electron current incident on the sample
and sample stage from the electron source. Sample temperature was
measured with a thermocouple held in contact with the coupon
surface with a clip. An analysis chamber containing an in vacuo Auger
electron spectroscopy (AES) spectrometer (RBD, microCMA) was
also attached to the main chamber.

2.2. Hollow Cathode Plasma Electron Source. The electron
source was a hollow cathode plasma electron source (HC-PES) that
has been described in detail earlier.1 Figure 2a shows a schematic of
the HC-PES.1 The argon (Airgas, 99.999%) plasma was sparked in
the hollow cathode body. Low energy electrons were extracted with a
bias grid. The electrons exited the HC through an aperture. Argon gas

Figure 1. (a) EE-ALD process using alternating precursor and
electron exposures with continuous reactive background gas (RBG)
exposure. (b) EE-CVD process using repeating precursor doses with
continuous electron and reactive background gas (RBG) exposures.
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also leaked through this aperture and produced a pressure of ∼1
mTorr in the reactor. All the work in this study used an applied
voltage of 100 V to the bias grid. This applied voltage accelerated the
electrons leaving the aperture.

Figure 2b displays a schematic of the HC-PES and the electron
beam accelerated to the sample. The electrons were separated from
any sputtered material from the hollow cathode plasma using electron
optics.1 The electrons also traveled through the argon gas and the
RBG on their path to the sample. The distance between the bias grid
located close to the aperture and the sample was approximately 30
cm.1 The electrons were incident on the sample at normal incidence.
The electron currents were in the range of 30−80 mA. The electron
energy defined by the grid bias was ≤100 eV. Electrons at ∼100 eV
interact strongly with the surface and are known to have high electron
stimulated desorption cross sections.24 The electron beam irradiated
an area of ∼10 cm2. The samples started each experiment at room
temperature at 21 °C. The interaction between the low energy
electrons and the substrate led to sample heating. However, the
sample temperature never exceeded 120 °C.
2.3. Reactive Background Gases and Substrates. The reactive

background gas (RBG) (NH3 Matheson, 99.9992%, O2 Airgas,
99.995%, H2 Matheson, 99.9992%, or CH4 Matheson, 99.9995%)
flowed into the chamber though a leak valve and was present
continuously during the EE-ALD or EE-CVD deposition processes.
The RBG pressure was ∼1 mTorr for H2, NH3, and O2 as measured
by the cold cathode pressure gauge (MKS) under constant pumping
using the turbomolecular pump. The CH4 RBG pressure was varied
between 3 × 10−5 Torr and 1 mTorr depending on the experiment.

The background gases in the chamber will cause some electron
scattering. The RBG pressure typically varied from the high 10−4 Torr
range to the mid 10−3 Torr range. This pressure range allows for
electron beam interaction with the RBG without excessive electron
scattering. This pressure window leads to the creation of gas-phase

radicals that can influence the film composition. In addition, the
electron beam is also incident on the substrate at normal incidence for
electron−surface interactions such as electron stimulated desorption.

The EE-ALD and EE-CVD were conducted on Si wafer coupons
(Silicon Valley Microelectronics, boron-doped). There was a native
oxide on the silicon surface for all films. The only exception was SiHx
EE-CVD where the SiHx films were grown from Si2H6 with a H2 RBG.
SiHx was deposited on a 1 μm TiN film on a Si wafer to distinguish
the SiHx EE-CVD from the Si substrate. Prior to insertion into the
vacuum apparatus, all the Si native oxide coupons were sonicated in
dilute Alconox Detergent, rinsed in DI water, then blown dry with
ultrahigh purity nitrogen. The TiN coupon was cleaned with
methanol and acetone, then blown dry with UHP N2. The coupons
were then loaded into the load lock chamber following procedures
that have been detailed earlier.1

2.4. EE-ALD and EE-CVD Pulse Sequences. TiO2 EE-ALD was
conducted according to Figure 1a using alternating precursor and
electron beam exposures. The pulse sequence was: (1) TDMAT
exposure; (2) pumping before electron beam exposure; (3) electron
beam exposure; and (4) pumping before the next TDMAT exposure.
The timing for this pulsing sequence can be characterized by (t1, t2, t3,
t4). The TDMAT precursor was maintained at 0.3 Torr behind a
micropulse valve. The TDMAT bubbler was heated to ∼45 °C to
achieve the required vapor pressure. The valve was actuated for t1 = 1
s. The valve opening led to a transient pressure in the main chamber
of 4 × 10−7 Torr as measured by the cold cathode gauge in an empty
reactor. Pumping was then continued for t2 = 1 s after the TDMAT
exposure.

Subsequently, the electron exposure was performed with a grid bias
of 100 V for t3 = 5 s, with an electron current measured at the sample
stage of ∼65 mA. The next TDMAT exposure was then conducted
after continued pumping for t4 = 1 s after the electron exposure. The
timing for this pulsing sequence was (1, 1, 5, 1). The sum of these
steps produced a reaction cycle time of ∼8 s. Note that the
turbomolecular pump was pumping on the main vacuum chamber
during the entire pulse sequence.

SiCx EE-CVD was conducted according to Figure 1b using
repeating Si2H6 exposures. In addition, the electron beam and the
CH4 RBG were continuously present during the repeating Si2H6
exposures. The CH4 RBG pressure was 0.45−1 mTorr. The pulse
sequence was: (1) Si2H6 exposure; and (2) pumping time before next
Si2H6 exposure. The timing for this pulsing sequence can be
characterized by (t1, t2). The Si2H6 precursor was maintained at 1
Torr behind a micropulse valve. The valve was actuated for t1 = 0.1 s.
The valve opening led to a transient pressure in the main chamber of
4 × 10−6 Torr as measured by the cold cathode gauge in an empty
reactor.

Pumping was then continued for t2 = 1.3 s. This pumping time
allowed the precursor time to regenerate the 1 Torr pressure behind
the micropulse valve before the next precursor dose. The sum of these
steps produced a cycle time of ∼1.4 s. The electron beam remained
on during the entire deposition sequence. The bias grid of the HC-
PES was set at 100 V with a current measured at the sample stage of
∼50 mA. Note that the turbomolecular pump was also pumping on
the main vacuum chamber during the entire deposition sequence.

W2N EE-CVD was performed according to Figure 1b using
repeating W(CO)6 exposures. The electron beam and the NH3 RBG
were continuously present during the repeating W(CO)6 exposures.
The NH3 RBG pressure was 2 mTorr. The pulse sequence was: (1)
W(CO)6 exposure; and (2) pumping time before the next W(CO)6
exposure. The timing for this pulsing sequence can be characterized
by (t1, t2). The W(CO)6 precursor was maintained at 0.3 Torr behind
a micropulse valve. The W(CO)6 bubbler was heated to ∼100 °C to
achieve the required vapor pressure. The valve was actuated for t1 = 1
s. The valve opening led to a transient pressure in the main chamber
of 1 × 10−5 Torr as measured by the cold cathode gauge in an empty
reactor.

Pumping was then continued for t2 = 5 s. This pumping time
allowed the precursor time to regenerate the 0.3 Torr pressure behind
the micropulse valve before the next precursor dose. The sum of these

Figure 2. (a) Schematic of hollow cathode plasma electron source
(HC-PES) showing electrical diagram, gas flow, approximate
pressures, plasma in hollow cathode cavity, and emitted electron
beam. (b) Schematic of HC-PES interfacing with reactor, depicting
electron beam traveling though the reactive background gas (RBG)
and impinging on the sample.
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steps produced a cycle time of ∼6 s. The electron beam was kept on
during the entire deposition sequence. The bias grid was set at 100 V
with a current measured at the sample stage of ∼73 mA. The
turbomolecular pump was pumping on the main vacuum chamber
during the entire deposition sequence.

Unless otherwise noted, the reaction conditions described for TiO2,
SiC, and W2N are generic for the other films grown from TDMAT,
Si2H6, and W(CO)6 with the various RBGs. The precursor pressures
at the sample was higher for TDMAT, W(CO)6, and Si2H6 than the
reported pressure transients because the micropulse valve used to
dose the precursors was connected to a 1″ diameter tube that led to
the sample and ended ∼5 cm from the sample. The cold cathode
measured the precursor pressure transient after the pressure transient
had diffused into the entire chamber and been pumped by the
turbomolecular pump.
2.5. Ellipsometry, X-ray Reflectivity, and X-ray Photo-

electron Spectroscopy. In situ 4-wavelength ellipsometry measure-
ments were collected every second throughout the deposition. The in
situ ellipsometer (Filmsense FS-1) used four wavelengths of light. The
precision of the in situ 4-wavelength ellipsometry measurements of
film thickness was within ±0.03 Å. Most films were modeled with a
Tauc-Lorentz model. SiO2 was modeled with a Cauchy model.
Nitrides and carbides of Ti and W were modeled with a Drude-
Lorentz model to obtain the film resistivities. The longest wavelength
employed in the FS-1 ellipsometer is 660 nm. This wavelength is not
sufficient for fully modeling the Drude term, and as such the
resistivities are estimations.

Ex situ spectroscopic ellipsometry (Model M-2000, J.A. Woollam
Co., Inc.) was also performed to measure the film thickness of some
samples after removing them from the reactor. Ex spectroscopic
ellipsometry was used to corroborate the in situ resistivity
measurements. AFM measurements were used to monitor film
roughness. The ex situ AFM measurements were performed with an
AFM instrument (Park NX10) using noncontact mode. The scan rate
was 0.3−0.8 Hz for a 1 × 1 μm area using a micro cantilever probe
(Olympus, OMCL-AC160TS).

X-ray reflectivity (XRR) was used to determine film thickness and
density. Grazing incidence X-ray diffraction (GI-XRD) determined
crystallinity of the films. Both GI-XRD and XRR scans were
performed using a XRD instrument (Bede D1, Jordan Valley
Semiconductors) with radiation from Cu Kα (λ = 1.540 Å). The X-
ray tube filament voltage was 40 kV and the current was 35 mA. The
incident angle used for GI-XRD was 0.3°. The XRR scan range was
300 to 6000 arcsec with a 5 arcsec step size. The XRR scans were
analyzed using modeling software (REFS, Jordan Valley Semi-
conductors). XRR analysis could not be used to measure the film
thickness of all the EE-CVD films. Since the film thickness is
dependent on electron flux during EE-CVD, some EE-CVD films had
insufficient uniformity to produce fringes that could be accurately
modeled by XRR.

The film composition was determined using an X-ray photo-
electron spectrometer (XPS) (PHI 5600) using a monochromatic Al
Kα source with an energy of 1486.6 eV. The pass energy was 58.7 eV,
the step size was 0.25 eV, and the dwell time was 50 ms per step. An
electron beam neutralizer was used during the XPS measurements.
The Ar ion beam energy during depth profiling was 3 keV. The XPS
data were collected using Auger Scan (RBD Instruments) software.
The XPS data were analyzed employing CASA XPS (Casa Software
Ltd.) software. All compositional data presented were collected by
XPS after 60 s of Ar ion sputtering to remove atmospheric oxidation
and adventitious C unless otherwise noted.

3. RESULTS AND DISCUSSION

3.1. TDMAT with NH3, O2, CH4 and H2 RBGs.
Tetrakisdimethylamido Titanium(IV) (TDMAT) was used as
the metal precursor to deposit EE-ALD films with NH3, O2,
CH4 and H2 RBGs as shown in Figure 3. With the addition of
the NH3 RBG, high purity, low resistivity, crystalline TiN EE-
ALD films were deposited at low temperatures as discussed in

a previous publication.23 The high purity TiN films illustrated
the ability of the NH3 RBG to remove carbon.23 Low
temperature crystallinity was also observed in the TiN EE-ALD
films.23

3.1.1. TiO2 EE-ALD Films. TiO2 films are essential in many
technological areas such as photocatalysis, solar energy
conversion, gas sensors and optical coatings.25 Figure 4a

shows real-time in situ 4-wavelength ellipsometry of the TiO2
EE-ALD film growth using TDMAT and O2 RBG at
temperatures <80 °C. The slight heating above room
temperature was caused by the electron beam at an electron
current of ∼65 mA. The O2 RBG pressure was 2 mTorr. 200
cycles of TiO2 EE-ALD resulted in a ∼150 Å thick film as
measured by in situ 4-wavelength ellipsometry and ex situ

Figure 3. EE-ALD process for Ti-containing films using alternating
TDMAT and electron exposures with continuous RBG.

Figure 4. (a) In situ real-time 4-wavelength ellipsometry of TiO2
nucleation and growth on a native oxide Si coupon. TiO2 EE-ALD
growth rate was 0.7 Å/cycle. (b) In vacuo AES showing C, Ti, Ti/N,
and O AES signals for TiO2 EE-ALD films grown on Si native oxide
for a thickness of ∼150 Å.
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spectroscopic ellipsometry. TiO2 was deposited with a growth
rate of ∼0.7 Å/cycle.
TiO2 EE-ALD using TDMAT and O2 RBG displayed rapid

nucleation. There was also a period of rapid increase in the
derived TiO2 thickness between cycles ∼45 and ∼55 in Figure
4a. This increase was reproducible and is likely caused by a
change in film orientation or crystallinity as the TiO2 film
reached a critical thickness. Similar phenomena have been
observed previously with TiO2 ALD films at a thickness of 12
nm at temperatures of 150 and 260 °C.26 TiO2 crystallization
can vary greatly based on interface quality, composition, and
other factors.27
TiO2 EE-ALD also produced ultrahigh purity films. The

composition of the TiO2 EE-ALD film was measured using in
vacuo Auger electron spectroscopy (AES). Figure 4b reveals
that the C signal was below the noise level indicating very low
C content in the films. AES showed a near-stoichiometric,
slightly oxygen-rich TiO2 composition when using the Ti2 peak
for Ti quantification. Incomplete removal of the nitrogen-
containing ligands of the TDMAT precursor could lead to N
contamination in the films. AES was unable to differentiate
between a potential N peak and the Ti1 peak around 390 eV.
Therefore, the Ti2 peak was used to measure Ti. X-ray
photoelectron spectroscopy (XPS) after surface sputtering
identified no N or C in the bulk of the films as revealed by
Figure S1, Supporting Information. Only a small N signal at ∼1
at % was observed on the surface prior to sputtering.
The negligible N and C in the TiO2 EE-ALD film is

attributed to the creation of O radicals from the interaction of
O2 RBG and low energy electrons. The O radicals may scour
the surface, reacting with C to form COx and N to form NOx
volatile compounds. The Ti centers may then react with either
O2 gas or O radicals to form TiO2. XPS analysis showed a
slightly O-rich film with a Ti/O ratio of 1:2.3. Excess oxygen
may be incorporated into the film at grain boundaries or as
interstitial excess oxygen defects.28 Superstoichiometric in-
corporation of elements from RBGs have been observed
previously with the incorporation of excess N in TiN EE-ALD
films.23
Grazing incidence X-ray diffraction (GI-XRD) measured a

small diffraction peak at 2Θ = 25.4. This peak corresponds to
the TiO2 [101] diffraction peak for tetragonal anatase.29 EE-
ALD with a RBG has previously been shown to lead to
crystallinity during TiN EE-ALD.23 The low energy electrons
may lead to electron stimulated mobility of surface atoms that
produce crystallinity at low temperatures. A TiO2 EE-ALD film
density of 3.89 g/cm3 was extracted from the XRR measure-
ments. This TiO2 density corresponds well to the bulk value of
∼3.9 g/cm3 for anatase TiO2.
Ex situ AFM analysis measured the RMS roughness for a

TiO2 EE-ALD film with a thickness of 150 Å. This TiO2 EE-
ALD film had an RMS roughness of ∼8 Å over a 1 × 1 μm2

area as shown in Figure S2, Supporting Information. Ex situ
spectroscopic ellipsometry measurements were also able to
model the optical bandgap of the TiO2 film. The optical
bandgap was found to be ∼2.85 eV. This bandgap is lower
than the literature value for the bandgap of anatase at 3.2 eV.28
This lower bandgap may be due to the excess oxygen in the
film. Oxygen-rich TiO2 has been shown to have extra
photochemical activity. This activity may be related to the
bandgap narrowing caused by excess oxygen defects.28,30
3.1.2. Other Ti-Containing EE-ALD Films. Other Ti-

containing EE-ALD films were deposited at T < 100 °C

using CH4 and H2 RBGs. TiC EE-ALD was investigated using
TDMAT with CH4 RBG. The steady state growth rate was 2.3
Å/cycle. However, the films were not high purity TiC. XPS
studies measured ∼10 at % N incorporation in the films. XPS
analysis also revealed a large O signal of 25 at %. This O
incorporation in the film is likely from ex situ oxidation during
air exposure prior to the XPS measurements.
TDMAT with H2 RBG was also employed to deposit a

TixNyCz EE-ALD film with a growth rate of 2.2 Å/cycle. XPS
measurements after surface sputtering revealed a film
composition of Ti at 31 at %, C at 23 at %, O at 23 at %
and N at 22 at %. In contrast, in vacuo AES measurements
revealed only a small oxygen signal. The in vacuo oxygen
content is not exact due to the Ti/N AES peak overlap.
However, the O content is estimated to be <6%. The large
difference between the in vacuo AES and ex situ XPS O
concentrations could indicate that the films were highly
susceptible to atmospheric oxidation. A TixNyCz EE-ALD film
with a thickness of 190 Å also had a surface RMS roughness of
∼14 Å as measured by AFM.

3.2. Si2H6 with NH3, O2, CH4, and H2 RBGs. Si2H6 was
employed as the metalloid precursor to deposit Si-containing
EE-CVD films at low temperature T < 100 °C using repeating
Si2H6 pulses together with a continuous electron beam and
NH3, O2, CH4 and H2 RBGs as shown in Figure 5. EE-CVD

films can be deposited much more quickly than EE-ALD films.
The faster deposition allows for more rapid prototyping of
materials. Si2H6 provides the Si element. The various RBGs
supply the second element to form the Si compounds. This
strategy simplifies the growth of Si-containing films to
employing Si2H6 for Si and easily accessible RBGs with high
vapor pressure to provide the second element.

3.2.1. Si3N4 EE-CVD Films. Si3N4 films are useful as
insulating and barrier materials in semiconductor devices.
They also have wear, high temperature, and corrosion
resistance. Figure 6a shows the deposition of Si3N4 films by
EE-CVD with repeating Si2H6 pulses and an NH3 RBG at T <
107 °C. The electron beam current was ∼52 mA. The NH3
RBG pressure was 2 mTorr. 300 Si2H6 pulses during Si3N4 EE-
CVD resulted in a ∼150 Å thick film. Si3N4 was deposited with
a growth rate of 0.5 Å per Si2H6 pulse. In vacuo AES analysis of
this film shown in Figure 6b was consistent with high purity,
near stoichiometric Si3N4. The C and O AES peaks were in the
noise.
Ex situ XPS analysis also revealed a stoichiometric Si/N ratio

of 3:4 with a C impurity of 0.5 at % and an O impurity of 2 at
%. The small C and O XPS signals probably result from reactor
contamination because there is no C or O in the Si2H6
precursor or NH3 RBG. The Si3N4 films were extremely

Figure 5. EE-CVD process for Si-containing films using continuous
electron and RBG exposures and repeating Si2H6 pulses.
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smooth as deposited with an RMS surface roughness of ∼1 Å
for a film thickness of 152 Å. Ex situ spectroscopic ellipsometry
analysis also determined an optical bandgap of 5.2 eV near the
reported value of ∼5 eV.31 No crystallinity was detected in the
Si3N4 EE-CVD films.
3.2.2. SiOx EE-CVD Films. SiO2 films function as insulating

layers in semiconductor devices and also have critical
applications as optical coatings. SiO2 EE-ALD films were
deposited earlier using Si2H6 together with O3 or H2O as the
second reactant.6 In this study, SiOx EE-CVD films were
successfully grown using EE-CVD with Si2H6 pulses and O2
RBG at T < 100 °C. The electron beam current was ∼35 mA.
The O2 RBG pressure was 2 mTorr. Figure 7a shows that 275
Si2H6 repeating pulses during SiOx EE-CVD resulted in a ∼150
Å thick film. SiOx films were deposited with a growth rate of
0.5 Å per Si2H6 pulse during SiOx EE-CVD. In terms of
composition, XPS analysis yielded a Si/O ratio of 1:1 in the
film bulk and a surface ratio of 1:1.2 prior to Ar+ ion
sputtering.
The in vacuo AES measurements shown in Figure 7b also

yield a Si/O ratio of 1:1.5. However, the films may be closer to
stoichiometric SiO2 because an ex situ spectroscopic
ellipsometry model for a thermal Si oxide32 fit the ellipsometry
results very well without modification. Si-rich SiO2 films also
have larger indices of refraction that were not observed for the
SiOx EE-CVD films.33 In addition, no crystallinity was

observed in the SiOx EE-CVD films. The SiOx films were
also extremely smooth with an RMS surface roughness of ∼1 Å
as measured by AFM for films with a thickness of 148 Å.

3.2.3. SiCx EE-CVD Films. SiC films are vital in power
electronics devices.34 However, SiC CVD is a high temperature
process requiring temperatures around 950−1330 °C.35−37

Si2H6 pulses together with continuous electron exposures and
CH4 RBG were used to grow SiCx EE-CVD films at much
lower temperatures. Figure 8a shows that 500 Si2H6 pulses
were used to deposit a ∼203 Å thick film. This SiCx film was
very smooth as measured by AFM with an RMS surface
roughness of ∼1 Å as displayed in Figure S3, Supporting
Information. The SiCx EE-CVD films grew linearly with
repeating Si2H6 pulses at a growth rate of 0.4 Å per Si2H6
pulse.
The SiCx EE-CVD growth occurred at temperatures <100

°C resulting from electron beam heating of the sample with an
electron beam current of ∼50 mA. The CH4 RBG pressure in
Figure 8a was 0.45 mTorr as measured by the cold cathode
pressure gauge in an otherwise empty chamber pumped by the
turbomolecular pump. Changing the pressure of the Si2H6
pulses also affected the deposition rate resulting from the
CVD-like nature of EE-CVD.
The composition of the SiCx EE-CVD film was measured

using in vacuo AES in Figure 8b. The AES results yielded a Si/
C ratio of 1:1.3. The O signal was below the noise level

Figure 6. (a) In situ real-time 4-wavelength ellipsometry of Si3N4
nucleation and growth on a native oxide Si coupon. Si3N EE-CVD
growth rate was 0.5 Å per Si2H6 pulse. (b) In vacuo AES showing Si,
C, N, and O AES signals for Si3N4 EE-CVD films grown on Si native
oxide for a thickness of ∼150 Å.

Figure 7. (a) In situ real-time 4-wavelength ellipsometry of SiOx
nucleation and growth on a native oxide Si coupon. SiOx EE-CVD
growth rate was 0.5 Å per Si2H6 pulse. (b) In vacuo AES showing Si,
C, and O AES signals for SiOx EE-CVD films grown on Si native
oxide for a thickness of ∼150 Å.
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indicating very low O content. XPS results after Ar+ ion
sputtering were consistent with a near perfect Si/C ratio of 1:1
and a small 3 at % O impurity as demonstrated by Figure S4,
Supporting Information. The small discrepancy between the
AES and XPS results may be attributed to C deposition on the
top of the SiCx film from the CH4 interaction with the electron
beam after the Si2H6 pulsing stopped and before the CH4 RBG
was turned off. Additional AES measurements revealed the
deposition of a pure C film from the interaction between the
CH4 RBG and the low energy electron beam. There was no
crystallinity monitored in the SiCx EE-CVD films.
The CH4 pressure must be carefully controlled during SiCx

EE-CVD. Excess CH4 introduced into the chamber during EE-
CVD will be decomposed by the electron beam and deposited
as C on the sample. An identical experiment to that shown in
Figure 8a was conducted with a CH4 RBG pressure of 1.0
mTorr for 400 Si2H6 pulses. The Si/C ratio measured by XPS
after this experiment was 1:5. The C deposition rate is greater
with the increased CH4 RBG pressure. In addition, the film
thickness was ∼40 nm. This thickness was twice the thickness
of the film grown with a CH4 pressure of 0.45 mTorr despite
being deposited with 20% fewer pulses. In addition, the film
roughness also changed for the larger CH4 RBG pressure. The
carbon-rich was significantly rougher than the film grown in
Figure 8a with an RMS roughness of 7 Å for a film with a

thickness of 398 Å. Rapid C EE-CVD from the CH4 RBG may
cause the increased film roughness.

3.2.4. SiHx EE-CVD Films. Silicon films have many essential
applications in semiconductor devices, photovoltaics and
photonics. SiHx EE-CVD films were grown with Si2H6 pulses
and H2 RBG. A Si wafer with a 1 μm thick TiN layer on the
surface was used to measure the deposited SiHx film. Figure 9a

shows the growth of SiHx EE-CVD film at T < 100 °C using an
electron beam current of ∼58 mA. The H2 RBG pressure was 2
mTorr. A SiHx film with a thickness of 446 Å was deposited by
the 200 Si2H6 pulses. The growth rate was 2.2 Å per Si2H6
pulse. The SiHx EE-CVD films were very pure. Figure 9b
shows the in vacuo AES results for the film grown in Figure 9a.
In vacuo AES was not able to discern an O or C signal above
the baseline noise. After Ar+ sputtering, ex situ XPS analysis
measured an 8.5 at % O impurity, likely from ex situ oxidation.
There was also a small C impurity of <2 at % probably from
reactor or atmospheric contamination.
The SiHx EE-CVD films were also analyzed using ex situ

spectroscopic ellipsometry. A Tauc-Lorentz model for a-Si was
employed as a starting point. The optical bandgap was
measured at ∼1.6 eV consistent with a-Si/H.38 Modulation of
the H2 RBG pressure may lead to different bandgaps due to
different amounts of H inclusion in the SiHx film. SiHx EE-
CVD films could be grown without the H2 RBG. The H2 RBG

Figure 8. (a) In situ real-time 4-wavelength ellipsometry of SiCx
nucleation and growth on a native oxide Si coupon. SiCx EE-CVD
growth rate was 0.4 Å per Si2H6 pulse. (b) In vacuo AES showing Si
and C AES signals for SiCx EE-CVD films grown on Si native oxide
for a thickness of ∼200 Å.

Figure 9. (a) In situ real-time 4-wavelength ellipsometry of SiHx
nucleation and growth on 1 μm TiN film on a Si coupon. SiHx EE-
CVD growth rate was 2.2 Å per Si2H6 pulse. (b) In vacuo AES
showing Si, C, and O AES signals for SiHx EE-CVD films grown on 1
μm TiN film on a Si coupon for a thickness of ∼450 Å.
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was included to assist in the removal of any contamination
from the SiHx film.
Separate studies revealed that the combination of low energy

electrons and H2 RBG was able to etch the SiHx surface. The
probable etch product is SiH4.

39,40 However, greater SiHx
deposition was able to overcome this competitive Si etch. The
Si2H6 pressure behind the micropulse valve was 2 Torr. This
pressure is twice the pressure used for deposition of the other
Si-containing EE-CVD films. Additionally, the valve was
actuated for 0.500 s, 5× longer than for the deposition of
the other Si-containing films. The SiHx EE-CVD films had an
RMS surface roughness of ∼27 Å as measured by AFM for
films with a thickness of 446 Å. No crystallinity was detected in
the SiHx EE-CVD films.
3.3. W(CO)6 with NH3, O2, CH4, and H2 RBGs. Various

W-containing EE-CVD films were deposited using W(CO)6 as
the metal precursor together with NH3, O2, CH4, and H2
RBGs as shown in Figure 10. There is no known thermal

decomposition of W(CO)6 at the low temperatures of T < 120
°C which results from electron beam heating of the samples.41
W(CO)6 will undergo dissociative electron attachment to
produce W(CO)x− anions with x = 2−5 at low electron
energies from 1 to 14 eV that are typical for secondary
electrons.42
3.3.1. W2N EE-CVD Films. W2N films are important as

diffusion barriers and protective coatings.43 W(CO)6 with NH3
RBG led to W2N EE-CVD. In situ ellipsometry measurements
of W2N EE-CVD film growth is displayed in Figure 11a at T <
120 °C with an electron current of ∼73 mA. The NH3 RBG
pressure was 2 mTorr. 575 W(CO)6 pulses resulted in a film
thickness of ∼115 Å. These results yield a growth rate of ∼0.17
Å per W(CO)6 pulse. The results show that W2N EE-CVD has
rapid nucleation. In addition, the EE-CVD growth rate
increased slightly during deposition. This increase could be
caused by the sample heating slowly during the deposition.
The sample temperature started at room temperature and
increased to ∼100 °C resulting from electron beam heating.
The film resistivity was also determined in Figure 11a by the

in situ 4-wavelength ellipsometry measurements using a
Drude-Lorentz model.7 The initial resistivity was high for
film thicknesses <20 Å. The resistivity reached a fairly constant
value after ∼250 W(CO)6 pulses. The final resistivity was 325
μΩ·cm for a film thickness of ∼115 Å. Ex situ spectroscopic
ellipsometry measurements on the same film yielded a film
thickness of ∼125 Å. The ex situ spectroscopic ellipsometry
measurements were also able to determine the film resistivity.
These measurements yielded a resistivity of 469 μΩ·cm. The in
situ 4-wavelength and ex situ spectroscopic ellipsometry
measurements are in fair agreement especially considering

the possibility that ex situ oxidation may increase the film
resistivity. Additionally, the 4 wavelength ellipsometer used for
the in situ 4-wavelength ellipsometry measurements had to
extrapolate the Drude oscillator amplitude due to the limited
number of wavelengths.
The composition of the W2N EE-CVD films was also

measured using in vacuo Auger electron spectroscopy (AES).
Figure 11b shows high purity W2N films with low C and O
content at 6.1 at % and 1.1 at %, respectively. The O AES
signal is very small and may be background noise. The AES
results were consistent with a W/N ratio of 1:0.66 and a N-rich
W2N film. The low C content indicates that the CO ligand or
C from CO dissociation is removed during W2N EE-CVD. Ex
situ AFM measurements determined that the RMS surface
roughness was only ∼4 Å for the film thickness of 90 Å as
displayed in Figure S5, Supporting Information.
Ex situ XPS analysis of the W2N film in Figure 11a after Ar+

sputtering also found no C or O XPS signals in the bulk of the
film as shown in Figure S6, Supporting Information. The XPS
results were consistent with a W/N ratio of 1:0.36. The higher
W/N ratio after surface sputtering may be due to preferential
N atom sputtering by the Ar+ ion beam. The lack of C and O
in the W2N EE-CVD film is noteworthy because previous work
on W(CO)6 decomposition under electron bombardment
showed the formation of tungsten oxides along with graphitic
carbon.44 In contrast, the addition of the NH3 RBG in this

Figure 10. EE-CVD process for W-containing films using continuous
electron and RBG exposures and repeating W(CO)6 pulses.

Figure 11. (a) In situ real-time 4-wavelength ellipsometry of W2N
nucleation and growth on a Si native oxide coupon. W2N EE-CVD
growth rate was 0.17 Å per W(CO)6 pulse. (b) In vacuo AES showing
W, C, N, and O AES signals for W2N EE-CVD films grown on a Si
native oxide coupon for a thickness of ∼115 Å.
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study resulted in the complete removal of C and O from the
films.
The interaction between the NH3 RBG with the low energy

electrons may create reactive •NH2 and •H species. These
species may be responsible for the removal of possible C and O
species from the W2N EE-CVD films. In similarity to the
earlier results for TiN EE-ALD, the •NH2 and •H species may
remove C and O species by forming volatile CH4, CH3NH2,
NOx or H2O products.23
GI-XRD analysis was also conducted on the W2N film

grown in Figure 11a. Diffraction peaks were observed at 2θ =
37.4° and 44.1° and two smaller broad peaks at 2θ = 63.2° and
76° as shown in Figure S7, Supporting Information. These
peaks fit extremely well with the W2N XRD spectrum (PDF
00-25-1257).45,46 This identification of the film as W2N is also
consistent with the compositional analysis. The W2N EE-CVD
film grown in Figure 11a was also modeled by XRR. A film
density of 16.0 g/cm3 was extracted from the model. In
comparison, β-W2N has a density of 17.97 g/cm3 calculated
from its crystallographic structure.45
Smooth, high density, low resistivity W2N EE-CVD films

may be useful as back-end-of-line diffusion barriers for
metallization.47,48 Metal−organic CVD (MOCVD) of WN at
500 °C showed C and O impurities at ca. 5% and a resistivity
of 590 μΩ·cm.48 In comparison, the W2N EE-CVD films in
this work were deposited at <120 °C with C and O impurities
below the XPS detection limit and displayed a resistivity of
∼469 μΩ·cm by SE. Additionally, the W2N EE-CVD films
were highly dense and ultrasmooth, both desirable properties
in diffusion barriers.
3.3.2. WOx EE-CVD Films. WO3 films are useful for many

applications in the areas of photochromism, photocatalysis and
gas sensors.49 WOx EE-CVD films were grown using EE-CVD
with W(CO)6 pulses and O2 RBG. Figure 12a shows the WOx
EE-CVD film growth as a function of the number of W(CO)6
pulses at T < 95 °C with an electron current of 45 mA. The O2
RBG pressure was 2 mTorr. 600 W(CO)6 pulses resulted in a
film thickness of ∼300 Å. After an initial nucleation period,
there is a steady state growth rate of 0.5 Å per W(CO)6 pulse.
There is also a significant change in growth rate and optical
thickness observed by the real-time in situ 4-wavelength
ellipsometry measurements around the 150th W(CO)6 pulse.
This reproducible behavior is likely caused by the transition
from a thin amorphous film to a thicker crystalline film. The
change in optical properties affects the optical model resulting
in an increase in optical thickness. A similar transition was
observed during the TiO2 EE-ALD growth observed in Figure
4a.
The GIXRD spectra of the WOx EE-CVD film show

crystallinity and match the spectra for tetragonal WO3 as
displayed in Figure S8, Supporting Information.50 This
crystallinity is noteworthy because the tetragonal WO3 phase
is known to form above 1100 K.50 The low energy electron
beam may again supply sufficient atomic mobility for the
crystallization in a high temperature phase at T < 100 °C. The
optical bandgap of the WOx EE-CVD films was also measured
to be 3.0 eV by the ex situ spectroscopic ellipsometry
measurements using a Tauc-Lorentz model. This bandgap is
very near literature reports of WO3 bandgaps of 3.05 eV.51 In
addition, the WOx EE-CVD films were smooth with an RMS
surface roughness of ∼5.6 Å measured by AFM.
Figure 12b displays the in vacuo AES analysis of the WOx

EE-CVD film. The AES peaks are consistent with a W/O ratio

of ∼1:1.35 with no C AES signal discernible above the noise
level. XPS analysis after Ar+ sputtering also detected no C in
the WOx films grown by EE-CVD. No C is consistent with C
removal by O radicals or the complete removal of CO ligands
from W(CO)6 by ESD. After surface sputtering, XPS analysis
also reveals that the W/O ratio is 1:1.3. This ratio is different
than the W/O ratio of 1:2.1 from the XPS surface scan. This
lower ratio may be due to preferential sputtering of O from
WO3 films during sputtering.52 However, this W/O ratio also
agrees well with the in vacuo AES measurements. These W/O
ratios are not in agreement with the 1:3 ratio expected from
the crystal structure and optical bandgap results.

3.3.3. WCx EE-CVD Films. Tungsten carbide films have high
hardness and are important for diffusion barriers and wear-
resistance coatings.53 W(CO)6 was used as a metal precursor
together with a CH4 RBG for WCx EE-CVD. WCx EE-CVD
growth versus number of W(CO)6 pulses is shown in Figure
13a at T < 110 °C with an electron current of 56 mA. The 400
repeating W(CO)6 pulses resulted in a film thickness of ∼283
Å. The steady state growth rate was 0.46 Å per W(CO)6 pulse
with a CH4 RBG pressure of 3 × 10−5 Torr. Corresponding in
vacuo AES results displayed in Figure 13b yielded a W/C ratio
of 1:0.8. For higher CH4 pressures of 1 × 10−4, the growth rate
was 0.71 Å per W(CO)6 pulse with a W/C ratio was 1:1.4. As
the CH4 pressure was increased further to 5 × 10−4 Torr, the

Figure 12. (a) In situ real-time 4-wavelength ellipsometry of WO3
nucleation and growth on a Si native oxide coupon. WO3 EE-CVD
growth rate was 0.5 Å per W(CO)6 pulse. (b) In vacuo AES showing
W, C, and O AES signals for WO3 EE-CVD films grown on a Si native
oxide coupon for a thickness of ∼300 Å.
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W/C ratio was 1:2.3 and the growth rate increased to 0.76 Å
per W(CO)6 pulse.
The WCx films were high purity as determined by AES and

XPS. All three films grown at CH4 pressures of 3 × 10−5 Torr,
1 × 10−4 Torr and 5 × 10−4 Torr, had an O content of 4% or
less. The O content was slightly lower at the higher CH4
pressures. Additionally, all three films displayed diffraction
patterns consistent with the metastable cubic β-WC1−x pattern
(PDF 04-022-5716) as revealed in Figure S9, Supporting
Information.54,55 In addition, the WCx films were smooth as
measured by AFM. The RMS surface roughnesses were ∼7, 5,
and 10 Å in increasing order of C content.
The film resistivity was also determined in Figure 13a by the

in situ 4-wavelength ellipsometry measurements using a
Drude-Lorentz model. The initial resistivity was high for film
thicknesses <20 Å. The resistivity decreased versus thickness
and began to reach a constant value around ∼150 W(CO)6
pulses. The final resistivity was ∼750 μΩ·cm for a film
thickness of ∼275 Å. Ex situ spectroscopic ellipsometry
measurements on the same film determined a film thickness
of 327 Å. The ex situ spectroscopic ellipsometry measurements
yielded a resistivity of 702 μΩ·cm in good agreement with the
in situ 4-wavelength ellipsometry measurements.
3.3.4. Other W-Containing EE-CVD Films. An attempt was

made to deposit W EE-CVD films using W(CO)6 pulses
together with H2 RBG. In situ 4-wavelength ellipsometry

measurements observed film growth at 0.4 Å per W(CO)6
pulse. However, XPS analysis after Ar+ sputtering measured a
C residue in the films at ∼20 at % with a small O impurity of
∼2 at %. The H radicals generated from the interaction of the
H2 RBG and low energy electrons were not sufficient to
remove C from the films. However, the films were crystalline
with a β-WC1−x XRD pattern (PDF 04-022-5716) and an RMS
roughness of 1.4 nm.
Such a low C content and an WCx XRD phase identification

suggests an amorphous W metal film with WC crystallites. Ex
situ spectroscopic ellipsometry measurements also yielded a
film resistivity of 230 μΩ·cm that was consistent with
substantial metallic character. XRR measurements of the film
density yielded a value of 16.8 g/cm3 compared to the
literature value for W of 19.3 g/cm3.56 The slightly lower
density than W likely results from the C impurity. Lastly, these
EE-CVD films had an RMS surface roughness of ∼14 Å
measured by AFM for films with a thickness of 283 Å.

3.4. Overview and Future Outlook. This survey has
demonstrated the deposition of many Ti-, Si- and W-
containing films at low temperatures using electron-enhanced
processing with RBGs. The success of this methodology is
attributed to the interaction of the electrons with the RBG to
form radical species that can react with the surface of the
growing film. These radical species act in concert with the
metal or metalloid precursors to grow the films and improve
film purity. The incident electron beam flux on the surface also
keeps active sites available by electron stimulated desorption of
ligands from surface sites. The radical species and electron
stimulated desorption facilitate rapid nucleation, low temper-
ature growth and high purity films.
The survey has also illustrated that simple, highly volatile

metal or metalloid precursors can react with various RBGs to
form a wide range of compounds at low temperatures.
Comparisons between the temperatures for thermal and
electron-enhanced growth for SiC can help illustrate the
advantages of electron-enhanced processing. SiC thermal CVD
was performed at 1330 °C using SiH4 + C3H8,

36 at 1200−1350
°C using CH3SiCl3,

37 and at 950−1000 °C using SiCl4 +
C2H4.

35 SiC thermal ALD was obtained at 1000−1050 °C
using Si2H6 + C2H2,

57 or at 850−980 °C using Si2H6 + C2H4.
58

In contrast, SiC EE-CVD was accomplished in this study using
Si2H6 and CH4 at much lower temperatures <100 °C.
There are also large differences between the temperatures

for thermal and electron-enhanced growth for W2N. W2N
thermal CVD occurs at growth temperatures between 250 and
500 °C using W(CO)6 and NH3.

48 W2N thermal ALD is also
obtained at temperatures from 327 to 527 °C using WF6 and
NH3.

46 In contrast, W2N EE-CVD was achieved in this study
using W(CO)6 and NH3 at lower temperatures <120 °C.
The general EE-ALD and EE-CVD schemes shown in Figure

1 could be applied to grow many other film compositions using
various metal or metalloid precursors and different RBGs.
Other volatile metal or metalloid precursors are possible such
as hydride, halide, carbonyl, amido, and alkyl complexes.
Examples include GeH4, HfCl4, Ni(CO)5, Al(N(CH3)2)3 and
Ga(CH3)3. Other volatile hydride RBGs are also possible such
as H2S, B2H6, H2Se, PH3, and AsH3 for the deposition of
sulfides, borides, selenides, phosphides and arsenides,
respectively.
For example, sulfides like WS2 or MoS2 could be grown with

a W(CO)6 or Mo(CO)6 metal precursor and an H2S RBG.
These transition metal dichalcogenides (TMDs) are a

Figure 13. (a) In situ real-time 4-wavelength ellipsometry of WCx
nucleation and growth on a Si native oxide coupon. WCx EE-CVD
growth rate was 0.46 Å per W(CO)6 pulse. (b) In vacuo AES showing
W, C, and O AES signals for WCx EE-CVD films grown on a Si native
oxide coupon for a thickness of ∼283 Å.
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promising class of materials due to their favorable electronic
properties.59 However, the deposition of high-quality TMD
films by CVD requires high temperatures.60 EE-ALD or EE-
CVD may allow for TMD deposition at low temperatures.
Carbides such as HfC and ZrC could also be grown with

HfCl4 or ZrCl4 metal precursors and a CH4 RBG. These
carbides are important hard, refractory materials with potential
uses as wear resistant coatings and protective material in
hypersonic environments.61,62 Low temperature deposition by
EE-CVD may increase the use of these materials because the
temperatures needed for HfC and ZrC CVD are >1000
°C.63,64
Metal borides could be grown by EE-CVD using various

metal precursors together with diborane (B2H6) RBG. For
example, TiB2 films could be grown with Ti(N(CH3)2)3 as the
metal precursor together with a B2H6 RBG. Metal borides are
refractory materials with high hardness and applications in
catalysis, energy storage, and thermal protection systems.65−67

However, the temperature required for the CVD of metal
borides such as TiB2 is around 900 °C.68,69 EE-CVD
techniques could significantly reduce this required growth
temperature to T < 100 °C.
Ternary materials may also be deposited using EE-CVD

techniques. Next generation Cu diffusion barriers for backend
interconnects may require ternary materials.70,71 Ternaries
could be deposited using two RBGs together with a metal or
metalloid precursor. For example, TiCN barriers could be
deposited by EE-CVD using Ti(N(CH3)2)3 together with NH3
and CH4 RBGs. The rapid nucleation and smooth surfaces
obtained using EE-CVD techniques may be especially
important for ultrathin ternary diffusion barriers.

4. CONCLUSIONS

EE-ALD and EE-CVD can be used for the low temperature
growth of various titanium, silicon, and tungsten-containing
films with TDMAT, Si2H6 and W(CO)6, respectively, as the
metal or metalloid precursors in the presence of different
RBGs. EE-ALD occurs with alternating precursor and electron
exposures. EE-CVD occurs with repeating precursor pulses and
a continuous electron beam exposure. For both EE-ALD and
EE-CVD, the continuous RBG helps to form high purity films.
The O2, NH3 and CH4 RBGs were observed to form oxides,
nitrides and carbides with the various metal or metalloid
precursors.
EE-ALD employs electrons as a reactant in the ALD process.

TiO2 EE-ALD was demonstrated using alternating exposures
of TDMAT and low energy electrons with a continuous O2
RBG. TiO2 EE-ALD films displayed linear growth versus
TDMAT and electron cycles. The TiO2 EE-ALD films were
deposited at a growth rate of ∼0.7 Å/cycle with no impurities
at temperatures <80 °C. The TiO2 films were smooth,
crystalline and had an optical bandgap of 2.85 eV. Other Ti-
containing films were deposited using NH3, CH4 and H2
RBGs.
EE-CVD changes the role of the electrons from a

periodically dosed reactant in EE-ALD to the role of a
continuously dosed reactant in EE-CVD. In EE-CVD, both the
electrons and RBG are continuously present and the
precursors are pulsed repeatedly to control the film growth.
Various silicon-containing films were deposited including
Si3N3, SiO2, SiCx, and SiHx with Si2H6 as the metalloid
precursor. Various tungsten-containing films were deposited
including W2N, WOx, and WCx with W(CO)6 as the metal

precursor. These films all displayed linear growth versus the
number of repeating precursor pulses at low temperature.
The Si3N4 and SiOx EE-CVD films both grew immediately

and linearly versus number of Si2H6 pulses at a growth rate of
0.5 Å per Si2H6 pulse with either NH3 or O2 RBGs,
respectively. The growth rate and composition of the SiCx
EE-CVD films was dependent on the pressure of the CH4 RBG
because higher CH4 pressures led to increased C EE-CVD.
SiHx EE-CVD films also grew immediately and linearly versus
number of Si2H6 pulses at a growth rate of 2.2 Å per Si2H6
pulse with a H2 RBG. The SiHx EE-CVD films had high purity
and a bandgap of ∼1.6 eV consistent with a-Si/H. All the
silicon-containing EE-CVD films were amorphous according to
XRD studies.
Using W(CO)6 as the metal precursor, W2N, WOx, and

WCx EE-CVD films were deposited using NH3, O2 and CH4
RBGs, respectively. The W2N EE-CVD films were deposited at
a growth rate of ∼0.17 Å per W(CO)6 pulse. The W2N EE-
CVD films displayed crystallinity consistent with cubic W2N.
The W2N films also displayed low resistivity of ∼450 μΩ cm
and were very smooth as measured by AFM. The WOx EE-
CVD films were deposited at a growth rate of 0.5 Å per
W(CO)6 pulse. The crystallinity of these films was consistent
with tetragonal WO3. The optical bandgap of 3.0 eV also
confirmed the WO3 assignment. WCx EE-CVD were also
deposited with a composition dependent on the pressure of the
CH4 RBG. The growth rate for WCx EE-CVD films with a W/
C ratio of 1:0.8 was 0.46 Å per W(CO)6 pulse. The growth
rate increased as more carbon was incorporated at higher CH4
pressures. The WCx EE-CVD films with a W/C ratio of 1:0.8
had a low resistivity of ∼750 μΩ cm. All the WCx EE-CVD
films displayed diffraction patterns consistent with metastable
cubic β-WC1−x.
These studies illustrate that a broad range of films can be

deposited at low temperatures using electrons together with
simple metal or metalloid precursors and various RBGs. In
addition to the nitrides, oxides and carbides demonstrated in
these investigations, many other metal or metalloid precursors
and RBGs are possible to deposit sulfides, phosphides and
borides. The combination of several RBGs may also allow for
the deposition of ternary films. Electron-enhanced processing
with various metal or metalloid precursors and RBGs should
extend the range of thin films that can be deposited at low
temperatures.
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